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FOREWORD 

As our knowledge of the middle atmosphere has progressed, it has become 
increasingly apparent that the early projections of this region as a passive, 
noninteracting domain were severe oversimplifications of the real case. 

Results now show the middle atmosphere to be interactive with atmospheric 
regions both above and below it, with new findings constantly amplifying this 
point of view. In transmitting, or perhaps even driving such interactions, the 
middle atmosphere appears to employ both its neutral and charged (or plasma) 
charact eristi cs . 

Rockets have played an important role for study in this region. They 
provide a unique source of in situ measurements, since much of the upper 
stratosphere and all of the mesosphere are too high for aircraft or balloon 
soundings, and too low for direct measuranent by orbiting spacecraft. Many of 
the middle atmospheric parameters, particularly those of the charged particle 
environment, cannot easily be remotely sensed, thereby making rockets the only 
platform available for their measurement. 

Of course, rockets can only provide an instantaneous snapshot of occurring 
processes at a single location in time. However, by careful selection of time 
and event, very meaningful results can be obtained. Rockets also complement 
measurements attainable from ground and/or orbiting platforms. For example, 
although comprehensive coverage of global parameters is possible by satellite, 
one cannot direct the satellite to be at a specific location for a given time 
to sound, say, an auroral event or a local thunderstorm. The rocket, on the 
other hand, can be launched from an appropriate site at the exact time 
necessary to maximize the object investigation. It can also be used to provide 
ground truth for an orbiter overflight. 

This MAP Handbook is concerned with rocket techniques and instrumentation 
as they are currently employed in the middle atmosphere. It is composed of 
nine chapters, eae-h. written by ona-or— aor-e experts who-have-devoted-much~of 
t-hei-r~scienti-f ic-ca're'er-to. rocket experiments. The emphasis here is on 
measurement techniques rather than results, although results are incorporated 
wherever they provide- cx3inp2.es which ilium ins tie the nieesiir^nent f p p tn r pr > p-fwL 
©uble-ti-efl— involved. I— have attempted- to organize- fhe chapters first cover 
techniques relating to measuranents of neutral dynamics and chemistry, then t-o, 
eove-p measurements of the various intermittent and excessive radiation sources 
which affect the middle atmospheric (particularly electrical) environment, and 
finally -t-e-desc-ribe measurements of the plasma environment including electric 
fields. The weighting toward plasma related parameters is not accidental, but 
reflects both the historical headstart given by early development of 'radio wave 
and probe techniques to measure electron density, and by the relatively limited 
,number of techniques available for neutral atmospheric measurements. I This 
division, of course, is not absolute. The chapter on ion mass spectrometry 
(Arnold and Viggiano) briefly considers how such devices can be modified to 
look at neutral constituents. Probe techniques (Thrane, Mitchell) demonstrate 
that such methods may be applicable to interactive problems between the plasma 
and neutral environment, e.g., using the plasma as a tracer for neutral 
turbulence and wave structure. Also, the chapter on electric field 
measurements (Maynard) shows that such fields may be driven by local neutral 
wind dynamics. No separate chapter on direct measurement of the solar output 
is included, although such techniques are mentioned in the chapter on neutral 
trace constituents (Krueger). 


PRECEDING PAGE BLANK. NOt FILMED 
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Clearly, the allotted space does not permit maximum detail on every 
available technique. Instead, each author has attaipted to concentrate on 
those methods which are most widely used at the present time, with some 
reference to past results as deemed necessary to put the modem techniques in 
proper perspective. Hopefully, the discussions provided along with the 
referenced material will provide the serious reader with adequate information 
to learn about any reported instrument in detail. For the many techniques, 
both old and new, which have been overlooked in these discussions, I offer my 
apologies. 

The book has taken more than two years in preparation. Most chapters 
concentrate on material current to the end of 1984, although a few of the late 
submissions may be slightly more up-to-date. To all the authors who 
participated in this work, I offer my sincere thanks. Hopefully, this book 
will become a reference for future rocket users and illuminate the unique 
importance of rockerty for middle atmospheric studies. - 


Richard A. Goldberg 
NASA/Goddard Space Flight Center 
Electrodynamics Branch 
September, 1985 
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One important facet of middle atmosphere studies is the role of direct 
measurements provided by rocket systems. These systems range in size from the 
small meteorological rocketsonde capable of providing temperature and wind data 
to the larger sounding rocket designed to carry much larger payloads. This 
chapter discusses the more common methods of rocket meteorological measuranents 
used today, some of which were first deployed over 25 years ago. The major 
emphasis is given to that system which produces the most measurements (the 
small meteorological rocket), the types of sensors, the role and applicability 
of coordinated launchings such as obtained from the Meteorological' Rocket Net- 
works, and, the data quality and uses. The large sounding rockets produce 
similar data but, because of the cost and complexity involved in launching 
these bigger vehicles, fewer data are obtained. This does not, however, 
detract from the value of such data. The observational virtue of rocket data 
is its vertical height resolution (^0-rl“flT2~km) which added new information on 
the atmospheric structure in mesoscale and, possibly, microscale dimensions. 
Rocket exploration of the atmosphere has changed the popular notion that the 
middle and upper atmosphere is a static, quiet area, to the realization that 
this region is highly active and dynamic. 


INTRODUCTION 

Rocket systems ranging in size from small, single-stage meteorological 
rockets to large, multi-stage sounding rockets, have been used for more than 25 
years to investigate the middle atmosphere (^20-100 km). These measurement 
techniques, while once used extensively are only occasionally used today. The 
techniques discussed in this chapter, summarized in Table 1, are the pitot 
probe, acoustic grenade, falling sphere, chemical trail, chaff, and the 
immersion thermistor, all of which basically provide temperature, density, and 
wind measurements. Satellite remote sounder instruments also provide 
atmospheric measurements at a very high sample rate on a global scale. The 
technological aspects of these satellite instruments, while interesting, are 
not part of this discussion. Nonetheless, satellite measuraients require 
ground— truth information, often provided by the rocket techniques discussed 
here (MILLER and FINGER, 1972). 

Early observations of the atmosphere were accomplished with instruments 
carried upward by kites, airplanes, and manned balloons. The kites and air- 
planes eventually were replaced by balloons capable of carrying small radio 
transmitters and sensors (called radiosondes) thus permitting measurements to 
be made to higher altitudes. Improvements in the balloons and radiosondes soon 
enabled altitudes of 15-20 km to be reached; today altitudes to 30-35 km are 
routinely sounded from a global network of sites. As these observations were 
obtained higher in the atmosphere new and important features were discovered. 
Among the early discoveries was the westerly jet stream occurring in middle 
latitudes at 8-12 km altitude, and the easterly jet stream occurring near 10°N 
to 20°N latitude at 30-35 km. These jet streams were basically observed with 
balloon-borne instruments as was the discovery of the sudden stratospheric 
warming by SCHERHAG (1952). Stratospheric warmings are wintertime phenomenon 
and appear strongest near the top of the balloon ascents where large 
temperature increases of 50°C have been observed to occur within a few days. 
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Radiosondes were first used to observe another unexpected atmospheric 
phenomenon, the pronounced quasi-biennial ( 26 month) oscillation in the 
equatorial atmosphere (REED, 1965). The 26 month, or quasi-biennial 
oscillation is most noticeable in the zonal wind which is easterly for one-half 
the period^and.westejiy for^the other half. Radiosonde data show that this 
''oscliill^cjnlglnerally 1 occurs above 20 km altitude. Observational data later 
obtained f rom "‘rockets ondes showed* that the upper bound occurs near 40 km. All 
of these interesting discoveries using balloon-borne instruments encouraged 
researchers to extend the measurements to higher altitudes. Their appetites 
were whetted to leam the origin of these strange phenomena, the dynamics and 
structure of the higher atmosphere, and the extent and implication of these 
features . 

Early attempts to measure the physical properties of the upper atmosphere 
with rockets were secondary experiments permitted to be made during tests of 
large rocket vehicles, such as the captured V-2 rocket at White Sands Proving 
Grounds during the late 1940s. Development of, special rocket systems for 
determining atmospheric structural parameters soon followed. The capability 
for making observations of atmospheric features was rapidly being placed on a 
firm experimental basis. Yet, the few soundings that were possible could not 
provide an altogether complete picture of atmospheric behavior. The cost and 
complexity of these large systems inhibited their use in great numbers and 
created the impetus toward the development of small, low-cost rocket vehicles. 

The availability of the less expensive, small meteorological rocketsondes 
prompted the idea of simultaneous launchings from different locations. 
Initially, synoptic launchings made within the United States were scheduled 
only for a few days during the middle of each season. Launch frequency soon 
increased to three to five times a week from as many as 30 launch sites. The 
accumulation of these data has resulted in a climatology of the stratosphere 
and lower mesosphere which has been widely characterized in the development of 
standard and reference atmospheres. 

Table 1 summarizes the large and small systems that have been, or are used 
extensively. Since the large rocket systems no longer are used to the extent 
they were a few years ago, they will be discussed at the end of this chapter. 
The small meteorological rocketsonde is launched routinely from 12 sites at the 
present time and is increasingly being employed in large research missions by 
various experimenters. Since meteorological rockets have provided a consider- 
able amount of middle atmosphere data, they will be discussed in some detail. 

The improvements made in the Standard Atmosphere during the past 30 years 
are well illustrated in Figure 1, where models for 45°N are presented. Stand- 
ard Atmospheres, for periods earlier than 1955, are not shown, but it is now 
known that those pre-1955 models were quite inaccurate. The 1955 Standard 
Atmosphere (NACA, 1955), for lack of measurements to higher altitudes, does not 
extend above 20 km. The temperature data used to construct this atmosphere 
were obtained primarily from radiosonde observations. With the exception of 
the profiles of the 1966, January and July atmospheres (COESA, 1966), little 
change occurred below 50 km between 1955 and 1976. More precise and accurate 
measurements above 55 km, obtained since 1955, enabled more sensitive models to 
be produced to higher altitudes. The 1962 and 1976 US Standard Atmospheres 
(COESA, 1962; 1976) are almost identical; above 52 km some differences are 
noted. The 1966 Supplemental Atmospheres for January and July clearly bracket 
the 1955, 1962, and 1976 atmospheres and also point out the cold mesosphere 
during July and the warmer temperatures during January. 

More recently, reference atmospheres have been compiled for 11 US launch 
sites. Profiles between the surface and 70 km are available for each month, 
thus, increasing the usefulness of the model. The Wallops Island Range Refer— 
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TABLE 1. US ROCKET SYSTEMS USED TO MEASURE- THE NEUTRAL ATMOSPHERE 


Sensor . e . ■ 

Technique 

Parameters 

Capabilities 

Peripheral Information* 

Used For 

Chemical 

Trail 

Photograph 
Vapor Trail 
Movement 

Winds 
90-170 km 

High Resolution 
Night Sounds .. 
Remote Site 

Large Vehicle and Payload 
20K/Sounding 
Hazardous Material 
Non-Routine Data Reduction 
Simple Instrumentation 
Active 

Special Studies 

Acoustic 

Grenade 

Detect Sound 
Arrival at 
Surface with 
Microphones 

Temp /Density/ 
Winds 
30-90 km 

2 km Resolution 
Day/Night 
Remote Site 

Large Vehicle and Payload 
Cost 45K/Sounding 
Non-Routine Data Reduction 
Simple Instrumentation 
Inactive 

Standard Atmos. 
Special Studies 

Pitot Probe 

Senses Ram 
and Static 
Pressure 

Temp/Density 
60-120 km 

4 

High Resolution 
Day/Night 
Remote Site 

Large Vehicle and Payload 
Cost 60K/Sounding 
Non-Routine Data Reduction 
Complex Instrumentation 
Inactive 

Standard Atmos. 
Special Studies 

Instrumented 
Rigid Sphere 

Senses Drag 
Acceleration 

Temp /Density 
60-150 km 

High Resolution 
Day/Night 

Large Vehicle and Payload 
60K/Sounding 
Non-Routine Reduction 
Complex Instrumentation 
Tracking Radar Required 
Active 

Special Studies 
Reentry Support 
Standard Atmos. 

Inflatable 

Sphere 

Drag 

Acceleration 
and Velocity 
Derived from 
Precision Radar 
Track 

Temp/Density/ 
Winds 
30-90 km 

Moderate 
Resolution 
Day /Night 

Small Vehicle and Payload 
5K/Sounding 

Standardized Data Reduction 
No Instrumentation 
Precision Radar Required 
Operational 

Special Studies 
Reentry Support 
Satellite Support 
Standard Atmos. 

Datasonde 

Temp Measured 
by Thermister 

Temp /Density/ 
Winds 
20-65 km 

Moderate 

Resolution 

Small Vehicle and Payload 
5K/Sounding 

Standardized Data Reduction 
Instrumentation/Tracking 

Special Studies 
Reentry Support 
Satellite Support 
Standard Atmos. 


Radars Required 
Operational 

*Cost per sounding is in 1984 dollars (US). 


ence Atmosphere (RCOMG, 1983) temperature profile also is shown in Figure 1 
and clearly is comparable to the US Standard Atmosphere. 

As a further illustration of the usefulness of monthly reference atmo- 
sphere data, vertical cross sections of temperature and zonal wind for Wallops 
Island were constructed. Contours of mean values, as well as the magnitude of 
the standard deviation are given in Figures 2a and 2b. Given sufficient data, 
reference atmospheres such as these may be constructed for any location. 

SMALL METEOROLOGICAL SYSTEMS 

The cost of employing large rocket systems in great numbers for synoptic 
atmospheric studies, or even for small-scale (space and time) studies of atmor- 
spheric structure can be prohibitive. The development, which began in 1959, of 
small, low-cost rocket vehicles that could lift meteorological instruments to 
altitudes above 30 km (i.e., above balloon limits) reached a plateau in the 
early 1970s with the implementation of the Super Loki Datasonde (BOLLERMANN, 
1970). Prior to the availability of the Super Loki system, the major small 
system employed by the rocket ranges was the Arcasonde. This system was 
sensitive to low level winds that often inhibited its use when surface winds 
exceeded 15 knots or were gusty. The apogee attained was nominally 60 km where 
payload ejection occurred. The payload consisted of a bead thermistor that 
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U. 8. STAHDARD ATMOSPHERES 
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Figure 1. Standard atmosphere profiles of 
temperature for 45°N latitude developed 
since 1955 . Radiosonde and rocket mea- 
surenents provided the major data base. 
The reference atmosphere shown for 
Wallops Island, Virginia (38°N) is con- 
structed exclusively from radiosonde and 
rocket information. 


TEMPERATURE *E 


sensed tanperature and a transmitter lowered by a parachute. Wind data were 
obtained by radar tracking the parachute. The Areas rocket motor was 
lengthened during the early 1970s to enable it to reach higher altitudes ( % 80 
km) and was renamed Super Areas. Although no longer used in the United States 
for meteorological measurements, the Super Areas vehicle is capable of carry- 
ing other types of measuring devices. A good summary of the Arcasonde 
technique can be found in BALLARD (1967) . The Areas system has a history of 
performing well through thousands of launchings; however, its wind sensitivity 
at launch was an operational liability. A less wind-sensitive vehicle was 
undergoing development concurrent with the . use of the operational Areas 
systems. This rocket system, the Loki Datasonde, was the first system to 
successfully compete with the Arcasonde in terms of operational ease and data 
comparability. 

The small rocketsonde, while telemetering temperature information to a 
ground receiving site, also must be tracked with radar to determine the payload 
position with respect to time. From this radar information, atmospheric wind 
profiles are established. The radars used for this purpose are of variable 
quality, so that very precise wind information may be obtained only at those 
launch sites using high precision G-band radars, such as the FPS-16. Because 
of the need to calculate first and second derivatives in order to properly 
determine the wind profile, these precision radars are important. However, 
lesser quality radars can be used with degradation in the precision of the wind 
measurement. 

During the years of the 1960s and 1970s, other countries also were 
developing and launching small meteorological rocketsondes. These includes 
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Figure 2. a) Time- height cross section con- 
structed from the Wallops Island, Virginia 
(38°N) Range Reference Atmosphere (RCC-MG, 
1983). Contours for monthly mean tempera- 
tures are shown by solid lines and contours 
of the standard deviation are shown by the 
dash lines, b) Same as a) except for zonal 
wind component. The dotted line indicates 
where the mean wind and standard deviation 
are the same magnitude. 
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Japan (MT-135P System) . The Japanese MT-135P rocket system is designed 
to reach "^60 km altitude where a parachute and transmitter containing a tem- 
perature sensor are deployed. The rocket motor is 3.33 meters long and the 
system, including the payload, weighs approximately 70 kg. The payload, called 
Gchosonde, is a pulse-position-modulation system and contains a temperature 
sensing device made of a very small-diameter (^2 Op) nickel-iron wire strung on 
a 10x43 mm frame. Upon receiving a 1673-MHz signal transmitted from the ground 
equipment, the Echosonde transmitter returns two pulses on a frequency of 1687 
MHz. The first pulse retransmitted to the ground equipment is a ranging pulse 
(i.e. , the distance between ground equipment and sonde), the second pulse 
returned is the temperature information which is determined by its position 
relative to the first pulse. During the observation, slant range and angular 
data measured by the ground system are continually recorded from which 
positional information may be determined. Subsequently, altitude and wind data 
are derived. The temperature measurements are corrected for aerodynamic 
heating, radiation, lag, and electrical heating. The total temperature correc- 
tion at 60 km is approximately 22°C (YATA. 1970). Significant temperatures are 
selected based on changes in the lapse rate. Wind data are also corrected for 
fall velocity and ballistic motion effects. 

A comparison of wind and temperature data was conducted in 1967, between 
the MT-135P and the Arcasonde (MILLER et al., 1968). Although a limited sample 
of measurements was available for study, it was concluded that the data from 
the MT-135P and Arcasonde were compatible. During 1972, the MT-135P system was 
also compared with rocketsondes of the United States (Loki-Datasonde) and 
France (Super Arcas-DMN) as part of the CIM3 intercomparison of rocketsondes 
(LEVITON, 1973). 

France (DMN) . The French meteorological sounding rocket is comprised of 
a US manufactured Super Areas motor and a French designed and fabricated 
payload called DMN. The French system measures tanperatures and winds up to an 
altitude of 80 km. The DMN rocketsonde payload contains two temperature sen- 
sors. One, the prime sensor, is a 5-U diameter tungsten wire, 2 cm long, 
coated with gold to prevent oxidation. The time constant of this sensor is 
approximately one second at 80 km and much faster in the lower altitudes. The 
tungsten wire is attached to long constantan wires in order to provide thermal 
isolation from the large mass of the payload body. The second sensor, made of 
nickel, is plated by vacuum evaporation on a nylon support and anodized with 
aluminum. The second sensor provides redundancy if the prime sensor fails, and 
is usable only below 60 km altitude. 

The telemetry system converts the resistance measurements of the sensors 
to frequency variations by means of two converters. These two low frequencies 
modulate two sub-carriers of 40 MHz and 70 MHz which are demodulated after 
being received at the telemetry site on the ground. The demodulated signals 
are then recorded on a multiple track magnetic tape recorder concurrently with 
radar position data in order to provide profiles of wind and tanperature data 
versus altitude. The sonde was originally fabricated to use 403 MHz and 229.9 
MHz for transmitting. 

Wind data are corrected to remove ballistic motion and fall velocity 
effects from the measurements. Temperature measurements are corrected by 
solving the heat-transf er equation applicable to the wire sensor. The 
parameters considered are convection, radiation, electrical heating, 
aerodynamic heating, and conduction. Temperature correction values are of the 
order of 17-35 °C at 70 km and about 5-8°C at 60 km. 

The French DMN rocketsonde was compared in 1972 with the US and Japanese 
rocketsondes at Wallops Island during the first phase of the Cl M3 Rocketsonde 
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Intercomparison (LEVITON, 1973), and again in 1973 with rocketsondes from the 
UK, USA, and USSR at Kourou, French Guiana (FINGER et al., 1975). 

A report on the comparison of the temperature measurements resulting from 
the first part of the CIM3 Rocketsonde Intercomparison revealed the Japanese 
measurements to be generally compatible with those of the United States while 
some incompatibility between the French and United States temperatures were 
noted above 45-50 km. Wind comparisons indicated no bias between these systems 
but the random variation was noted to increase with altitude. 

Great Britain (SKUA). The British SKUA is a relatively inexpensive 
meteorological rocket system intended for routine synoptic studies of the upper 
atmosphere. This system is no longer launched since Great Britain no longer 
maintains a routine launch schedule. The SKUA is 2.26 meters long and 0.131 
meters in diameter and weighs approximately 78 kg. Apogee is in excess of 70 
km with an 8-kg payload. The standard meteorological payload weighs approx- 
imately 5 kg and uses a 4.6-meter diameter radar-reflecting parachute. The 
sonde transmits at a frequency of 28 MHz. The temperature sensor is tungsten 
wire of 13.5-P diameter, 772 cm in length, and is supported in "spider web" 
fashion on a plastic frame spiraled around an 8.9-cm diameter ring. 

Temperature data are corrected for aerodynamic heating and radiation. The 
lag of the sensor is considered negligible since the time constant at 61 km is 
only 0.9 seconds. The greatest single correction to be applied to the SKUA 
payload is that caused by solar radiation incident on the sensor which varies 
according to the solar angle, albedo, and effective area of the sensor 
receiving radiation at a given time. This is difficult to estimate because of 
parachute oscillations on the descent. Because of the uncertainty associated 
with this correction, rocket launchings generally were conducted at night, 
temperatures from the SKUA payload were found to agree with those from the US 
and French rocketsondes (FINGER et al., 1975). 

USSR (M-100). The Soviet M-100 rocket system is a two-stage, unguided, 
solid-fuel rocket motor with a payload designed to measure temperature, 
pressure, and wind. The first-stage rocket motor bums out at about 2-3 km 

l-'Koi Co — ct-ano mni-nr inn-J »-oo ar\A corrioc t*ViO r>o«1 naH tn flnnoAO nonr QO 
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The payload contains a parachute and transmitter, as well as the measuring 
sensors. The nose cone is ejected and the sensors are uncovered during ascent 
at about 60 km. The parachute is also deployed on the ascent and after passing 
apogee acts as a stabilizing drag during descent to about 65 km where wind 
sensing begins. Sensor information is telemetered to a ground site receiver 
and a transponder is used to determine the payload's position. 

Pressure sensing is accomplished by the use of two Pirani gauges and an 
aneroid, or diaphram device. The pressure gauges are each capable of measuring 
over two pressure ranges, one between 5.0- to 1.5-mm Hg and 1.5- to 0.5-mm Hg 
and the other between 0.5- to 0.05-mm Hg and 0.05- to 0.005-mm Hg. The pres- 
sure gauge's temperatures are commutated periodically for application of tem- 
perature compensation corrections. The aneroid device also is capable of mea- 
suring over two ranges of pressure, 5- to 140-mm Hg and 140- to 250-mm Hg. The 
temperature of the aneroid cell is also measured and commutated periodically. 

Two pairs of resistance wire thermometers are used to measure temperature. 
Each pair is capable of measuring over two temperature ranges. One pair mea- 
sures between -100°C to 100°C and 0°C to 250°C; the second pair measures be- 
tween -20°C to 200°C and 90°C to 350°C. The thermometers are mounted on long 
arms which are folded during launching and are erected perpendicular after 
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payload ejection in a way that ensures that the air outside the boundary layer 
is measured. In order to apply conduction corrections, the temperatures of the 
mounting arms are also measured. Each resistance wire is 40 u in diameter, 
made of tungsten, and is 13 cm long.;. Calibration of the sensors is usually 
performed within 7 days prior to launch. The information measured by all of 
the sensors in commutated to the ground site at the rate of 60' pulses per 5 
seconds and includes- inflight calibration checks, as well a6 data. 

The telemetry and position data received at the ground are put on photo- 
graphic film in real-time and upon completion of the observation are read off 
the developed film and plotted on graph paper. The 'measurements are then 
processed in two stages. The first stage converts the recorded signals from ' 
the sensors into numerical values; the second stage is the! calculation, or 
•derivation, of the atmospheric parameters. "• _• 

' The temperature measurements are corrected for aerodynamic heating 
effects, lag, emissivity. self-heating, conduction, and long-^and short-wave 
radiational heating. The wind data are corrected for fall velocity effects. 

The comparison that took place at the Guiana Space Center, Kourou, French 
Guiana in 1973, was extremely interesting. Temperature differences between 
measurements of France and the United States and Great Britain and the United 
States were small up to 55 km during daytime and to almost 70 km during night- 
time. Surprisingly (and still unexplained), the differences noted between 
France and the United States during the comparison in French Guiana were 
opposite to those observed during the Wallops comparison. A lack of compara- 
bility between the temperature measurements of the USSR rocketsonde and the 
other rocketsondes was found above 45 km. Wind data, compared well between 
France, Great Britain and the United States but, above 40 km the USSR results 
were considerably different. 

During 1977, a bilateral agreement between the United States and USSR led 
to another comparison at Wallops Island (SCHMIDLIN et al., 1980). The USSR 
had made changes to the M-100 parachute and the reduction procedures prior to 
the 1977 test which provided a part of the reason for this test. The conclu- 
sion of the test flight data was that better agreement now exists between these 
two measurements above 40 km, but large differences still exist above 55 km 
(temperature) and 60 km (wind). 

United States . The small meteorological rocketsondes used exclusively 
at launch sites within the United States since the early 1970s, and more 
recently at other launch sites with increasing frequency, are the Super Loki 
Datasonde and Super Loki Sphere. These rocketsondes also have been used in 
many experimental campaigns, for example, the Energy Budget Campaign which took 
place during November-December 1980, in Northern Scandinavia (OFFERMANN, 1985), 
the MAP/WINE Campaign which took place during the winter of 1983-1984 (VON 
ZAHN, 1983), and during Project Condor in Peru during March 1983 (GOLDBERG, 
1984). Other experimental campaigns also have used the Datasonde and 
Inflatable Sphere and plans have been developed for their future use. 

The Super Loki Datasonde provides atmospheric temperatures and winds at 
measured altitudes while the Super Loki Inflatable Sphere provides atmospheric 
density and winds. Both systems must be tracked by a ground system, such as 
radar, in order to define the payloads' position and to enable wind information 
to be deduced. Datasonde-measur ed taupe ratures and winds are available from 70 
km down to about 20 km; the lower altitude limit being established by either 
the payload's battery life or mission requirements. The inflatable sphere dart 
reaches a nominal altitude of 115 km and, after sphere inflation, provides 
density data from about 90 km down to 30 km, where the sphere collapses. An 
advantage of these small US rocket systems is that both use the same rocket 
motor. Additional information is given in Table 1. 
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The Super Loki Datasonde eystai is basicafly^PQlAlPU&U?l&otar with an 
inert (non-propulsive) Datasonde payload (contained in a dart-type vehicle 
which has a high ballistic coefficient). The rocket motor is a 10.2-cm dia- 
meter high-thrust, internal burning solid propellant unit with a burning time 
of approximately two seconds. At rocket motor burnout, dart separation occurs 
due to drag force differential between the larger diameter motor and the 
smaller diameter dart. A 3. 66-meter long helical rail launcher provides fl up- 
port and imparts the spin to the dart vehicle during the launch phase. The 
dart consists of an ogive, body assembly (dart body), and tail assembly and is 
coated with an ablative material to reduce the effect of rather severe aero- 
dynamic heating. The dart body contains the decelerator (parachute) and instru- 
ment payload. The dart tail contains the delay and ejection system. After, 
separation from the rocket motor, the spin-stabilised dart coasts to apogee 
where payload ejection occurs at approximately 120 seconds following aero time, 
or liftoff. The Datasonde instrument transmits temperature data over a carrier 
frequency of 1680 MHs while descending on the decelerator. (The 403-MHz fre- 
quency also has been used successfully.) Figure 3 shows typical distensions and 
Pre-launch configuration of the Super Loki Datasonde system. 
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Figure 3. Schematic of the US Super Loki Date- 
sonde. Payload apogee is 80 km from a sea 
level launch site. High launch velocity 
makes this system usable during severe sur- 
face wind conditions. 
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The Datasonde decelerator, shown in Figure 4, called a "Starute" also 
serves as the wind sensor. Portions of the "Starute" have been metalized to 
facilitate radar tracking. Atmospheric wind data are obtained from the first 
and second derivatives of the positional data obtained from the tracking radar. 

The temperature sensor is a small, aluminized bead thermistor (M}.25 mm in 
diameter) whose electrical resistance varies inversely with its temperature. 

The thermistor is mounted on a mylar loop by means of short lead wires. The 
mylar loop, shown in Figure 5, is thinly coated with aluminum on the side 
facing the transmitter and serves to reflect the long-wave radiation from the 
instrument's body. As the atmospheric temperature varies during the instru- 
ment's descent, the varying thermistor resistance controls the modulation rate 
of the data circuit. The temperature signals are interrupted periodically 
through electronic switching to permit the transmission of a reference resist- 
ance value. This reference frequency is used to monitor changes in the 
instrument's electronics. 

The configuration of the Super Loki Sphere system is similar to that of 
the Super Loki Datasonde systan. The same 10.2-cm diameter rocket motor is 
used, the dart, however, is slightly smaller in diameter and attaches to the 
motor adapter in a slightly different manner. The dart reaches a nominal 
apogee of about 115 km where the sphere is ejected and inflates. 



Figure 4. Datasonde payload decelerator and 
wind sensor. The decelerator is called a 
"STARUTE" and is very stable during descent. 
The torus acts to create a flow disturbance 
which aids stability. Starute inflation is 
maintained by ram air which enters through 
a relatively small hole at the bottom. 
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Figure 5. Datasonde thermistor mount. The 
aluminum-coated mylar mount acts as a heat 
shield to reflect radiated heat back to the 
payload body. 


The passive inflatable sphere payload is a one-meter diameter inflatable 
spherical balloon made from ^O.Ol-mm thick mylar which is aluminized to en- 
hance radar tracking. A small charge of an inert gas is used to inflate the 
sphere to a super pressure of about 10-12 mbar, or approximately 32-km alti- 
tude. Sphere collapse occurs when the ambient pressure exceeds the sphere's 
internal pressure. 

Tracking of the falling sphere by a high-precision radar is an absolute 
requirement in order to obtain usable atmospheric density and wind data. 
Temperature data are obtained from the density data through the application of 
the perfect gas law. 

MEASUREMENT TECHNIQUES 

Datasonde Temperature . The temperatures sensed by the Datasonde 
thermistor are received at the ground where they are time-correlated with 
radar-derived altitudes. The measured temperatures are those of the thermistor 
and not those of the atmosphere and must be adjusted to ambient using a 
detailed correction procedure. The correction method developed by HENRY 
(1967), accounts for all known external influences and was adapted for use with 
the Datasonde by KRUMINS and LYONS (1972). The thermistor temperature is 
adjusted to ambient by applying a heat transfer equation that accounts for 
aerodynamic heating, emissivity, sensor lag, and radiation. The aerodynamic 
heating term is proportional to the square of the fall velocity (Z2) . The 
Datasonde' s fall velocity at 60 km is about 100 mps making the temperature 
correction nearly 5°K, at twice this fall velocity the correction would be four 
times larger. The emissivity term is proportional to the fourth power of the 
thermistor temperature T 4, and the lag term is dependent on the actual 
atmospheric lapse rate. The radiation correction includes short- and long-wave 
radiation and, for simplicity, is fixed for each altitude. Only the long-wave 
radiation correction is applied at night. Although the correction terms are 
small at low altitudes, they increase sharply as 70 km is approached. 
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Using the profile of corrected temperatures and the kn«m radar altitudes, 
pressures may be calculated for the rocket altitudes by integration of the 
equation of state and hydrostatic equation. Thus, the hypsometric relation 


P 1 = p 0 • exp [-gAZ/R' T] 

may be solved for each increment of altitude AZ, where g is the acceleration 
of gravity, R' is the specific gas constant for dry air, and T is the mean 
temperature in the interval AZ. Density may then be derived from the gas law. 
The initial pressure P^ > required for integration of the hypsometric equa- 
tion, is normally obtained from a radiosonde observation obtained close in 
space and time. A 5-6 km overlap of the radiosonde and rocketsonde temperature 
profiles is desirable so that a suitable initial level may be obtained (usually 
near 20 km or 50 mbar) . Any inaccuracy or profile difference in the overlap 
region (i.e., in altitude, pressure, or temperature) results in a constant 
percentage bias in the computed pressures and densities and may be due to 
errors of the radiosonde or rocketsonde and/or space and time differences 
between them. 


Horizontal Wind . Radar tracking of the Starute or inflatable sphere 
permits the horizontal winds to be calculated. The wind reduction method is 
relatively simple and straightforward in that successive position and time 
differences are used to calculate wind direction and speed. Because of fast 
descent at higher altitudes, the decelerator responds slowly to horizontal 
changes in the wind making it necessary to apply corrections. The correction 
equation for the zonal (east-west) wind 


W = X - 
x 


(Z-W ) (X+C -B )-g 

Z X X & x 

Z + C - B - g 
z z b z 


includes all known effects regardless of their relative magnitude. The 
equation for calculating the meridional (north-south) wind W is identical. 
Many of the terms in this general equation may be ignored since, for example, 
the buoyancy force B z ie insignificant for the altitudes over which measure- 
ments are made, the vertical coriolis tern C has little or no effect below 
90 km, and the horizontal component of gravity g is about 10 percent the 
magnitude of the error in g z so that it too may §e ignored. With all these 
assumptions, the zonal wind reduction equation becomes 


W = X 
x 


Z X 

Z-g| 


where X and X are the Starute' s horizontal velocity and acceleration, and Z and 
t represents its vertical velocity and acceleration. 

It should be noted that the inflatable sphere falls 2-3 times faster than 
the Starute, consequently its reduced winds are notably smoother, especially 
at altitudes above 50 km. 

Inflatable Sphere Density . In order to obtain density data from the 
inflatable sphere, a precision tracking radar must be available. Precise 
calculation of the first and second derivatives of the sensor's measured posi- 
tion is necessary for accurate determination of density. The standard reduc- 
tion program used in the United States begins the calculation of density p, 
when the vertical acceleration Z of the falling sphere reaches -8 meters/ 
sec2, usually between 90-100 km (LUERS, 1970). The relation 
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2n(Z-g -C ) 
z z 


C d A|v|(Z-W z ) + V b g z 


considers all of the forces acting on the sphere, however, the effects of the 
coriolis (C z ) and buoyancy (V^g^ ) terms may be ignored since they are 
small. Measurement of the verical winds W is not possible with the. present 
system since these are usually 2-4 orders of magnitude smaller than Z and are 
assumed to be equal to zero. Thus, the equation for density may be simplified 
to 

2m(Z-g z ) 

p = 

CjAlvIz 

d 

The terms in this equation are sphere mass m, drag coefficient C^, sphere 
cross-sectional area A, and motion of the sphere relative to the air V. 


Hence, 


Once the density is obtained, pressure and temperature may be determined. 


P(Z) 


P - 
o 


2 

Pgdz 


and 


T(Z) = ±r 


P(Z) 

p(z) 


The initial pressure P is dependent on a "guess" temperature obtained from 
the US Standard Atmosphere (COESA, 1976), thus, P q - Rt-p p (£ ). j t 
follows that the accuracy of the subsequent values of the calculated parameters 
depends on how close the initial guess temperature is to the actual tempera- 
ture. Because of this limitation, the temperatures are assumed not to be 
representative of the actual atmosphere until at least two scale heights 
( n d2 1cm) below the initial calculations. 


DATA QUALITY 

Paramount questions of concern often asked are: Hew good are the measure- 
ments? How large are the errors? Measurements made within minutes of each 
other can be different, often looking as if the measurements were obtained 
hours, or even days apart. These differences are generally considered to be 
due to small-scale atmospheric variation, but unless reliable information about 
the instruments is available the differences observed may be considered due to 
the instrument. 


Temperature . Precision studies of the Datasonde's temperature measure- 
ments show that they are repeatable to within 1°K up to 53 km, with a decrease 
in precision to about 3.8°K at 65 km and 7.5°K at 70 km (SCHMIDLIN, 1981). 

Other efforts to understand high altitude temperature measurements were made by 
HOXIT and HENRY (1973), who looked at tanperature errors related to altitude 
and time of day (solar angles), by KRUMINS and LYONS (1972), and by KURMENS 
(1978), who developed usable optimal corrections for the measurements following 
theoretical analysis and suggestion by HENRY (1967). 

Computation of pressures and densities from the measured temperatures and 
altitudes depends on an initializing level at the lever end of the rocket- 
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sonde's tanperature profile. The level selected is correlated to a radiosonde 
observation obtained close to the time of the rocket launch. Experience has 
shown that the tanperature difference between the radiosonde and rocketsonde is 
usually less than 1°C. It is possible to keep time differences between these 
instruments to an absolute minimum by exact scheduling; spatial differences, 
while always a problem, usually are less than 100 km. Radiosonde observation 
times at rocketsonde sites are controlled so that the balloon-borne instrument, 
given a nominal ascension rate of 5 mps, reaches the 30-70 mbar layer 
('V18-26 km) at approximately the same time that the descending rocketsonde 
reaches the same layer. Larger differences between the two profiles usually 
are observed during the winter season because of the stronger temperature 
gradients that exist. The radiosonde is not an absolute measuring device of 
pressure and altitude, nevertheless, pres sure- heights usually are correct to 
within 40-50 meters (NESTLER. 1983). 

Whenever experimental measurements are in question, knowledge of the pre- 
cision (or repeatability) of the instruments employed is important. An 
excellent example of this arises from measuranents obtained during the Middle 
Atmosphere Electrodynamics (MAE-1) program carried out in Northern Norway dur- 
ing October 1980. Two Datasonde temperature profiles, shown in Figure 6, were 
obtained within the same night and show differences which are much larger than 
the 1°K rmsd reported in SCHMIDLIN (1981). The question raised, is whether the 
differences are from a faulty instrument or atmospheric variability. Since 
this experiment was carried out at a remote location where representative 
ground tests could not be made, two tests were conducted that still permitted 
the objectives of MAE-1 to be achieved. The first was to launch one system at 
the same local time on each of four consecutive nights, and the second was to 
launch three systems as close together in time as possible. The four succes- 
sive measuranents do not indicate any consistent pattern, and might possibly be 
representative of the day-to-day variability of the high-latitude atmosphere. 
The differences observed, while relatively large (the largest 24-hour differ- 
ence being 9-10°C), were still smaller than those seen in Figure 6. This sug- 
gests that one measurement (possibly both) shown in Figure 6 may be unrepre- 
sentative, possibly even bad. On the other hand, the three profiles obtained 
within the 4-hour period also varied considerably, as seen in Figure 7. The 
conclusion from Figures 6 and 7 suggests that the high-latitude stratosphere 
and lower mesosphere may be more active than previously had been considered. 

The profiles seen in Figure 7 suggest that the observation made at 2033 UT is 
inconsistent with the observations at 2231 UT and 0026 UT. If the plotted pro- 
files are separated by the time difference between the observations as was done 
in Figure 8, it becomes clear that on this night temperature waves or perturba- 
tions existed which appeared to move downward. This then raises an additional 
question regarding the source of the perturbations. 

The validity of Datasonde temperatures is highly dependent on the instru- 
ment's calibration. Tests conducted by SCHMIDLIN (Table 1, 1981) indicate that 
poor calibration should not be a problem. Calibrations from a sample of 18 
instruments were checked with positive results, i.e. , the calibrations provided 
by the manufacturer showed no signs of deterioration after 2-3 years. This 
same paper also points out the Datasonde' s capability to obtain temperature 
measurements with a precision of better than 1°C up to 53 km altitude, and 
better than 1.6°C up to 60 km. Thus, the variation observed during MAE-1 is 
believed to occur from natural variability of the atmosphere and not instrument 
malfunction. 

Wind . The quality of the wind information obtained from falling targets 
depends on radar quality, sample rates, editing and filtering of the raw radar 
data, and the fall speed of the sensors. Winds obtained from radar tracking of 
the Starute and inflatable sphere are comparable even though the fall speeds 
are different. The sphere falls at supersonic velocity above 70 km while the 
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Figure 6. Datasonde temperature profiles ob- 
tained during the Middle Atmosphere Electro- 
dynamics (MAE) experiment conducted during 
October 1980. from Andoya, Norway ( 70°N). 

The observed differences between the profiles 
are larger than those typically observed in 
mid- to low-latitudes. 


TEMPEKATUEE *C 



Figure 7. Datasonde temperature profiles ob- 
tained over Andoya ( 70°N) within a few hours 
of each other during the same night indicate 
that large variability may be the typical 
characteristic of the high latitudes. 
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Figure 8. The same temperature profiles 
shown in Figure 7 but the observations 
are displayed with two-hour time separa- 
tions. It appears that downward moving 
wave structure was present. 


Starute does not; for this reason, a discussion of wind data obtained from a 
sphere may be more interesting. 

The primary purpose of the inflatable falling-sphere technique is to pro- 
vide an inexpensive method for obtaining atmospheric density between 30 and 90 
km. However, the sphere's shape also makes it an excellent wind sensor, as 
well. The inflatable sphere designed to be used in the small meteorological 
rocket payload body nominally weighs 165 gm. The first and second derivatives 
of the radar position (x, y, z) information provides fall velocities and accel- 
erations. At the high altitudes reached by the sphere, very little density is 
present to retard its fall. Thus, because of the high velocities, attained 
errors' in tracking occur which lead to errors in the resulting wind. The 
magnitude of error is a function of the sphere's fall velocity (BOLLERMANN, 
1970; LEVITON. 1962). At fast fall velocities and as the wind shears in the 
layers increase, the size of the measurement difference between the sensor's 
horizontal velocity and the actual wind increases. To overcome this situation, 
corrections often reaching magnitudes of 50-80 mps, are applied to the radar 
measurements. The size of these corrections can be noted from Figure 9 which 
shows parachute-derived winds before and after corrections were applied. The 
corrected wind profiles are compared with chaff-derived winds obtained close 
in time (BOLLERMANN, 1970) and quite clearly show the success of the correc- 
tions being applied to the raw data. The ballistic motion of the rocket 
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Figure 9. Comparison wind profiles showing 
uncorrected parachute trajectory, cor- 
rected parachute trajectory (wind), and 
slow falling chaff. The corrected para- 
chute winds show good agreement with the 
chaff winds. 


vehicle is still apparent near the top (above 63 km) of the parachute profile. 
In general, the faster the wind sensor falls through the atmosphere, the 
greater the amount of smoothing that must be applied. Thus, in the example 
shown in Figure 9, perturbations that possibly may be present would not be seen 
on the corrected wind profile if a fast-falling sphere was used. For some 
applications, this is not desirable. 


Hind measurement resolution may be materially improved by reducing the 
sensor's fall velocity, especially above 60 km. HYSON (1968) suggested that the 
sensor's wind response might be expressed in terms of a range constant. 


h = t7. 


2m 

p C d s 


The smaller that h becomes, the better the resolution. In the above relation- 
ship, m is the sensor's mass, p is atmospheric density, C d is the sensor's 
drag coefficient (available from laboratory tests), S^the sensor's cross- 
sectional area, t is the sensor's time constant, and Z the fall velocity. 


Examination of this equation shows that the range constant h, can be made 
smaller by reducing m, by increasing S, or by increasing C^. However, 
associated with a change in S would be a corresponding change in C^, i.e. , as 
S becomes larger, should also become larger. Thus, if S could be made 
larger without changing m, the effect would be to increase the drag and de- 
crease the fall velocity, thereby reducing h. Larger reductions in h are pos- 
sible by increasing both S and while decreasing m simultaneously. Figure 
10 represents calculations for h at two sphere masses. The smaller values of 
h(z) obtained for the light sphere indicate that improved wind resolution 
should be possible. 

Two inflatable spheres, which were approximately 50 percent lighter than 
the standard spheres, were launched from Wallops Island during November 1982. 
The spheres were lightened by removing the inflation mechanism. Sphere infla- 
tion was accomplished solely by entrapped air. During packaging a residual 
amount of air remains even though a vacuum process is used. The consequence of 
disabling the inflation mechanism however, caused the spheres to collapse at a 
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Figure 10. Range constant as an expression 
of a falling sensor's wind response sug- 
gests that a light weight sensor would 
have a smaller range constant producing 
better wind resolving capability. 


RANGE CONSTANT0CM) 

higher altitude than usual (65-70 km vs 30 km). Nonetheless, our concern in 
this test was only the high altitude winds. Figure 11 characterizes some im- 
provements realized from this modification. First, the wind perturbations seen 
with the lighter sphere are clearly of a larger magnitude than those obtained 
with the standard sphere, for example, the wind shear in direction near 68 km. 
As a result of this test, lightened spheres were used during an electrodynamics 
experiment that took place in Peru during March 1983. 

These wind profiles reveal considerably more structure than would have 
been obtained if standard weight spheres were used. The perturbations in the 
zonal wind (u-component) , seen in Figure 12, are consistent over time and also 
are noted to change magnitude with altitude. The striking feature of these 
data was the very pronounced wind change near 50 km. Below 50 km, the zonal 
(E-W) wind component was easterly (negative directed) and westerly (positively 
directed) above. The lower altitude winds were found to be consistent with the 
easterly phase of the quasi-biennial oscillation while the semiannual and 
annual phase of the zonal wind above 40 km appear to dominate (ANGELL and 
KORSHOVER, 1970). Thus, it seats that strong wind shear separates the region 
below 50 km from the region above. Wind shears of up to 0.025 s~l were found 
in the nearly 6-km deep layer surrounding 50 km. The layer also was noted to 
oscillate vertically during the one-day observational period. Concurrent with 
the vertical distribution of the zonal wind, the meridional (N-S) wind com- 




Figure 11. Two light spheres (>v85 gm each), 
launched at 0856UT and 093 1UT, show sig- 
nigicantly better response to a shear in 
wind direction than the normal weight 
(t! 60 gm) sphere (0911UT). 
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ZONAL WIND OVER PUN LA LOBOS 



TIME(GMT) 

Figure 12. Light weight spheres used during an experiment conducted 
from Punta Lobos, Peru (''12°S) show enhanced structure of the middle 
atmosphere. The arrows mark launch timer and zero wind speed. The 
perturbations shown here might possibly harve not been observed if 
normal weight spheres were used. 


ponent was essentially nil below 50 km and directed away from the equator or 

from the north (negatively directed) above 54 km. It is apparent that two or 

possibly three circulation regimes overlap in the vertical. This application 

of the inflatable sphere is a good example of the small meteorological rocket 

capability for measuring winds to 85-90 km. 

Density . The basic measurement made with the sphere is atmospheric 
density. The quality of the density data is highly dependent on the reliabil- 
ity of positive sphere inflation and its integrity to remain pressurized until 
its designed collapse altitude of approximately 12 mbars (^30 km) is reached. 

In addition to sphere reliability, a computer reduction program is required 
that is specifically designed to produce density from the radar position of the 
sphere (LUERS, 1970). This program calculates altitude, density, wind, temper- 
ature, and pressure at each second of the radar data. The rms noise error in 
density, temperature, pressure, and winds also are calculated in this program. 
The sources which produce significant density errors are: 1) random error due 

to radar noise, 2) bias error introduced by the improper choice of smoothing 
function, 3) error in initial guess temperature, 4) drag coefficient errors, 
and 5) vertical winds. 


The random error resulting from radar noise is quite large immediately 
after sphere apogee. Estimates of this error given by LUERS (1970) is eight 
percent at 95 km decreasing to two percent near 70 km. Belcw 60 km, a two 
percent noise error is maintained by gradually expanding the smoothing interval 
during data reduction. 

It is known that a bias error in density occurs when the smoothing func- 
tion does not fit true perturbations in the position coordinates. Although 
efforts are made to remove all known bias, some remains, usually this residual 
bias is one percent or less. 
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Calculation of density requires that a guess of the temperature be made 
at the first point being reduced. This first guess temperature comes from the 
1976 US Standard Atmosphere tabulations (COESA, 1976). The uncertainty of this 
first guess temperature (vs true temperature) introduces density errors in 
succeeding computations that decrease with altitude. The error usually does 
not extend over more than two scale heights (approximately 12 km) below the 
first point selected for reduction. A ten percent error in the initial guess 
temperature translates to about a three percent error in the density data and 
is usually negligible by 85 km. 

Errors in determining the drag coefficient affect the density accuracy in 
two ways. An error in drag coefficient produces errors in density directly 
since it is used in the equation to produce density. Errors in density caused 
by errors in the drag coefficient feed back into producing errors in the calcu- 
lated Reynolds and Mach numbers used in a table of lookup values to determine 
the next drag coefficient; hence, density calculations ultimately are derived 
using the wrong region of the drag table. The drag coefficient is based upon 
the ballistic sphere measurements of BAILEY and HIATT (1972). These investi- 
gators quote a maximum error of two percent over the observational range. In 
any case, belcw 90 km altitude, the error in density due to error in the drag 
table is normally less than one percent. 

Finally, errors in density due to vertical winds are very probably present 
and would vary within a single observation and even between observations. This 
variation is dependent on the extent of the vertical wind (i.e., magnitude and 
direction). The effect of the vertical wind is largest at the lower altitudes 
because the sphere is falling more slowly and is smallest at the top of the 
trajectory since Z is considerably larger than any vertical wind. In general, 
above 70 km, the density error due to a one-meter-per-second vertical wind is 
less than one-half percent. 

LARGE ROCKET SYSTEMS 

Large rocket vehicles generally are designed to carry several experiments 
to measure related parameters and, in some cases, unrelated parameters. For 
example, several disciplines of interest which have been studied using large 
rocket systems are: a) meteorology, b) solar activity, c) airglow, d) Aurora, 
e) geomagnetism, f) cosmic rays, and g) ionospheric physics. While all these 
disciplines are very interesting, this chapter only discusses measuranents of 
the neutral atmosphere, i.e., those instruments capable of meteorological mea- 
surements such as: chemical trails; acoustic grenades; pitot probes; and, rigid 
spheres. The sensors employed, parameters measured, cost, and other informa- 
tion are given in Table 1. 


Chemical Trails . Chemical releases from rocket vehicles have been made 
for experimental purposes since 1954. The experiment is relatively simple to 
perform requiring rocket-borne storage and release capability for the chemical 
agent employed, and ground-based photographic recording to capture the movement 
with time of the trail generated by the release of the chemical. Compared to 
other techniques, chemical trail releases are relatively inexpensive and easy 
to perform; however, the materials used to generate the trail tend to be 
hazardous. Time of day is a necessary limitation, since most chemical trails 
must be sunlit while the viewing equipment is in darkness. The photographic 
technique provides the capability to study the wind structure over large height 
intervals with high accruacy. Horizontal winds are determined by noting 
changes which occur in the trail over fixed time intervals. It also is 
possible to measure small vertical structure and its time duration and other 
characteristics to obtain information about diffusive mixing and turbulence. 

The continual photographic process and nearly instantaneous (less than a few 



ALTITUDE - KM ALTITUDE - KM ALTITUDE - KM 


21 


minutes) release of the chemical trail makes this technique highly suitable for 
those purposes. The wind accuracy that has been quoted for typical time inter- 
vals of about 100 seconds is 1 meter per second near 100 km (BEDINGER and 
KNAFLISH, 1965). 

. A recent utilization of the chemical trail method during the Energy Budget 
Campaign (REES et al., 1981) provided details of the neutral wind between 80- 
180 km. The trails were synchronously photographed from two of three sites, 
the third site not being able to see the trail because of cloud cover. The 
wind data were obtained by triangulation of the trail as it was distorted by 
the ambient wind. A comparison of high level winds obtained from the various 
techniques used in the Energy Budget Campaign has been given by SCHMIDLIN et 
al. (1985). The reported winds between 70 and 100 km are shown here in Figure 
13. 

Acoustic Grenades . The operation and performance of the acoustic gre- 
nade technique is well documented (NORDBERG and SMITH, 1964; STROUD et al., 
1955; NORDBERG et al., 1965) so requires only a brief discussion. The acoustic 
grenade technique ejects explosive charges of various weights (l-» 2-, and 3- 
pound charges) at 2- to 4-km altitude intervals (4- to 6-km intervals in the 
earlier versions of the systan) . The position and time of each explosion is 
determined either by a precision radar or a Doppler tracking systan, or both 
when possible. An infrared photocell carried on the rocket vehicle detects the 
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Figure 13. (a-f) Comparison of wind profiles 

obtained with the chemical trail, rigid ac- 
celerometer sphere, chaff, inflatable sphere, 
and Starute techniques. Zonal and meridional 
component winds are shown separately for the 
nights of November 10 and 16, 1980, and the 
night of December 1, 1980, (after SCHMIDLIN 
et al., 1985). 
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explosions' flash. The times of the explosions are telemetered to the ground 
receiving site. A ground-based array of microphones is necessary in order to 
detect and record the sound waves arriving from each explosion. Measured 
parameters include the times and positions of the grenade explosions and the 
times and angles of arrival of the sound wave at each microphone. 

The error inherent in the acoustic grenade technique was reported by 
RAMS DALE (1968) as due to the uncertainty of reading the times the sound waves 
crossed each microphone and the deviation of the layered model atmosphere from 
the true atmosphere. Ramsdale did not include error estimates for pressures 
and densities since these quantities depend on independent measurements from a 
different source whose uncertainties were not considered. The majority of the 
experimental errors was determined to come from the ability to determine the 
acoustic arrival angles at the individual ground-based microphones (SMITH et 
al., 1968). It was further determined that the results were sensitive to the 
geometry of the microphone array. Figure 14, from SMITH et al. (1968) indi- 
cates the improvement in estimating the tsnperatures at Wallops Island (38°N, 
75°W) after the basic size of the microphone array was enlarged. Errors in 
pressures and densities are also influenced by the initial level data which 
comes from another source, such as a radiosonde. The percent error in temper- 
ature has been given as less than 3 percent for most acoustic grenade soundings 
so that the major source of error in determining pressures and densities is the 
error deriving from the measured radiosonde pressures (RAMSDALE, 1974). 



Figure 14. Temperature error arising from the 
acoustic grenade technique prior to 1965, and 
after enlarging the ground-based microphone 
array (after SMITH et al., 1965). 


A series of grenade soundings made during September 1971 (SMITH et al., 
1974) provided a useful and interesting set of measurements from Kourou, French 
Guiana ( r ''6°N). These soundings revealed a very structured tropical mesosphere 
and is a clear example of the density change occurring with time. Figure 15, 
taken from SCHMIDLIN (1985), shows the observed density at 90 km to change by 
30 percent or more within a few hours. These same data were subjected to 
harmonic analysis by COLE and KANTOR (1975). At 70 km and below, the diurnal 
range of density varies 7 to 8 percent while at 80 km the variation is 23 
percent and larger. 

The grenade technique, although simple in principle and noted for provid- 
ing highly reliable measuranents, requires precise measurements and complex 
processing. Because of the high cost of even a single launch the grenade 
technique is no longer used. 
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DENSITY CHANGE (percent) 



TIME - HR(gmt) 

Figure 15. Time-height cross section of acous- 
tic grenade derived temperatures over Kourou, 
French Guiana. Diurnal changes near 90 km 
are the order of 30 percent or larger (after 
SCHMIDLIN. 1985). 


Pitot Probe . Atmospheric density profiles can be determined from the 
measurement of ram pressure at the nose of a rapidly ascending sounding rocket. 
As early as 1952, this technique was used; however, the rockets and instrumen- 
tation were large, complex, and costly. Gauges, used to measure the stagnation 
(impact) and static pressures, are either of the ionization or hot-filament 
type. The measured pressures are telemetered to ground receiving and recording 
equipment. The measurements are most valid when the vehicle is moving at 
speeds between MACH 3 and MACH 7, requiring that the rocket trajectory be ac- 
curately determined. Precision radar or Doppler velocity tracking needs to be 
employed to obtain an accurate trajectory between 50 and 120 km, the altitude 
range of this technique. 

A detailed description of the pitot probe concept would require consider- 
ably more space than is available in this chapter. However, the procedure 
adopted to derive density profiles follcws that of AINSWORTH et al. (1961), and 
is based upon the supersonic normal shock wave relationships. The expression 
derived for ambient density results from simplifying assumptions of Ainsworth 
et al., for vehicle velocity, angle of attack, and the effect of atmospheric 
winds upon the measured impact pressure. This expression is 

p n = P • . (2 ttRT • (v cos a) ^ 

1 °2 °2 
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where p. is ambient density, P is isentropic stagnation pressure, T 

1 °2 2 
is gas temperature, m is mean molecular mass of the gas, R is universal gas 
constant, a is angle of attack, and V is free stream velocity normal to the 
pitot orifice. 

A number of factors must be considered in order to use the above simpli- 
fied expression to compute density with a reasonable degree of accuracy. These 
factors are vehicle speed, angle of attack, the effect of atmospheric winds, 
outgassing effects, transducer error, heating effects, viscous effects due to 
tube shape and Reynolds number, and impact pressure deficiency. In general, 
the rocket-borne pitot-probe technique is expected to have density errors of 
less than +1 percent below 84 km and of about +4 percent between 84 and 100 
km. A detailed discussion of this technique also may be found in HORVATH 
(1972). 

Rigid Accelerometer Sphere . The rigid accelerometer (instrumented) 
sphere uses a three- axis piezoelectric accelerometer which provides high 
resolution measurements (PHILBRICK et al., 1978). The improved measurements 
range over a larger altitude interval than was possible with earlier versions 
of the rigid sphere technique. Atmospheric density is determined from the 
magnitude of the drag acceleration vector which is collinear and oppositely 
directed to the velocity vector. The drag coefficients for conditions below 90 
km were obtained from the wind tunnel tests of BAILEY and HIATT (1971). The 
error in the drag coefficient in the continuum flew regime below 90 km is about 
+3 percent while errors in mass, area, and velocity are all less than 1 per- 
cent. Errors in density are expected to be less than 10 percent. Temperature 
is obtained by integrating down the density profile. 

The accelerometer sphere determination of the wind relies on different 
methods, depending on whether the analysis is performed on up-leg and down-leg 
motion of the cross-track trajectory or is performed on the in-track trajec- 
tory. Each method has different errors, with errors from the cross-track 
analysis the smallest. Any differences observed between up-leg and down-leg 
analysis is assumed to come from the temporal and/or spatial changes in the 
wind field. In-track winds can be determined by assuming spatial uniformity 
and only by a closed solution when both up-leg and down-leg data are available. 
Figure 13 shows an example of accelerometer sphere winds with winds from other 
techniques used in the Energy Budget Campaign. 

SUMMARY 

The history of rocket development for scientific purposes has been varied 
and interesting. Tests of the V-2 rocket, which permitted seme of the first 
experiments in the atmosphere to be conducted, provided impetus for the 
development of special rocket systems designed expressly for atmospheric 
studies. This led to organized campaigns comprising a number of different 
instruments whose purpose was to take an occasional "snapshot" of the atmo- 
sphere. The scientific community soon realized that more than an occasional 
look was required and designed their requirements around a synoptic schedule 
of rocket launchings. During this same period, smaller launch vehicles were 
developed which became known (generically) as small meteorological rockets. 

Both passive and active measurements were possible with these systems. A pas- 
sive system employs wind sensors such as chaff, weighted parachutes, and in- 
flatable spheres that must be tracked by a ground-based system, such as radar. 
The sphere also provides density measurements. The active sensing systems em- 
ploy transmitters that send sensor information to a ground receiving station, 
and also are tracked from the ground. Since the early 1960s, the small meteor- 
ological rocket has provided the bulk of the middle atmosphere meteorological 
measurements available today. 
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Turning to large rocket systems, chemical release trails, used since 1954, 
are a relatively simple technique. Hcwever, this technique requires clear 
skies because of the ground-based photography required and must observe the 
time of day limitation, i.e., the chemical trail must be sunlit while the 
photographic equipment is in darkness. This system provides detailed wind 
structure to altitudes above 100 km. The chemical trail technique is still 
available and used today. 

The acoustic grenade technique, although no longer used, has provided 
numerous profiles of temperature and wind to 90 km and higher from a number of 
locations. An array of sensitive microphones are needed to detect and record 
the arriving sound waves from the exploded grenades. The experimental limita- 
tion requires that the surface winds be light so as not to create unwanted 
noise at the microphones. The grenade technique, although simple in character, 
provided highly reliable measurements. The large cost of this technique is one 
major factor inhibiting its use today. 

Similarly, the pitot-probe technique, which reportedly has measurement 
errors of less than four percent, is no longer used. This system required 
complex tracking and recording equipment; but state-of-the-art improvements 
to the flight and ground systems indicate that the pitot probe can be made 
adaptable for use with the small meteorological rocket. 

One system still used experimentally is the rigid accelerometer sphere. 
However, because of its high cost and complex data retrieval technique, this 
system is being phased out. The singular advantage of this system is its 
capability to provide density measurements to about 150 km. 

The use of the small meteorological rocket weighing less than 40-50 kg and 
capable of providing measurements between 20-90 km reached a peak in the early 
1970s. The small systems, once launched synoptically from as many as 30 sites 
at one time are now launched from only 12 United States sites. The launch fre- 
quency has also decreased from 3-5 launchings per week to 1-3 per week. None- 
theless, the meteorological rocket has provided considerable information on 
atmospheric behavior that has proven valuable to many groups. The basic atmo- 
spheric model used in the design of the Space Shuttle, especially the wind 
parameters, was generated from data obtained from routine oiiu special ballooir- 
and rocket-borne sensing instruments. Many experimental designs of aerospace 
systems are based on existing rocket data. And most importantly, in recent 
time, the small rocketsonde has proven itself capable of providing ground truth 
information for the calibration and verification of satellite remote measure- 
ments. This effort started in 1970, with hopes that satellite instruments with 
their capability for worldwide coverage would replace most if not all in 
situ measuring devices. It has been recognized that the in situ meteoro- 
logical measurements are invaluable for this purpose and future remote sensing 
missions already are requesting that calibration information be made available 
from balloons and rocketsondes. Although the future requirements seem clear, 
there has been no thought given to improving the measurement capability, e.g., 
precision and altitude measuring capabiltiy. Although the Datasonde system 
provides excellent tsnperature data to 52-55 km and good temperatures to 60-65 
km with reliable wind data to 70 km, it appears that current and future users 
would like to obtain measurements to 85-100 km, e.g., the Upper Atmosphere 
Research Satellite (UARS) program planned for 1989. Only by beginning within 
a reasonable time prior to the launch of the first UARS mission can the needed 
enhancements be made to our present stable of instruments. 
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ABSTRACT 

Rockets are the only vehicles for direct measurement of the neutral compo- 
sition of the stratosphere and mesosphere above balloon altitudes ( 35-40 km). 
Instrumentation haD^b eeta developed for routine measurements of ozone using 
either UV absorption, chemiluminescence, or airglcw techniques, and for nitric 
oxide using chemiluminescence. 

Other species which have^Seen measured are nitrogen dioxide, water vapor, 
hydroxyl, and atomic oxygen. Ozone has^ySeh measured about 400 times, nitric 
oxide about 10 times, and the remaining species only one or two times. 

I. INTRODUCTION 

Rockets have played a key role in the development of knowledge of the 
physical state and composition of the stratosphere and mesosphere. Two thirds 
of the stratosphere and all of the mesosphere are above the reach of routine 
sounding balloons and only rarely do research balloons reach the stratopause. 

In the age of satellites, rocket instruments serve an important purpose in 
establishing absolute concentrations of constituents, determining vertical 
structure in distributions (particularly necessary for satellite remote sensing 
techniques with non-unique results, such as the Nimbus-Solar Backscatter Ultra- 
violet method for ozone measurements), and providing information on temporal 
variations that are not easily separable from spatial variations on satellites. 
Furthermore, constituents without spectral emissions or absorptions in other- 
wise transparent spectral regions must be measured directly with rocket instru- 
ments. 

In this chapter the types of rocket techniques for measurement of neutral 
constituent vertical distributions are discussed. The techniques are illus- 
trated by specific instruments where possible, and the scope is limited to 
those devices which measure during flight. For example, cryogenic air samplers 
are also of considerable value but are not treated here because the measure- 
ments are done in the laboratory after the flight. 

II. ROCKET-BORNE OZONE MEASUREMENT METOODS 

Rockets have been used for direct soundings of the ozone distribution from 
the lower stratosphere to the middle mesosphere since the latter 1940s. How- 
ever, few soundings were conducted until the 1960s when lcw-cost meteorological 
sounding rockets became available. By 1984, approximately 400 rocket ozone 
soundings had been obtained. Of these, 80 percent used meteorological rockets. 
These soundings are of value for determining profile changes with latitude and 
season, for estimating the existence of small-scale structure in the profiles, 
and for observing diurnal and other short-term changes in ozone. Because the 
atmospheric variability must be characterized before a constituent is con- 
sidered understood, the use of inexpensive rockets is mandated in the current 
age. This limits the instruments in size and weight, as well as in cost. 
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II. 1 Overview of Developed Techniques 

In this section, the ozone sounding techniques are .reviewed. The methods 
are presented here; in Section II. 2 their limitations are discussed; and the 
error sources are given in Section II. 3. The techniques are considered in de- 
tail in Section II. 4. 

\ 5 '* •* 

Three ' basic methods have been used for rocket soundings of ozone in the 
stratosphere and mesosphere. The methods can be classified as follows; 

o UV absorption 

side-looking photometers 
flux photometers 

o chemiluminescence 

° °2 air 8 low 

The UV absorption techniques are most commonly used and involve measurement of 
the attenuation of sunlight (or moonlight) in the ultraviolet absorption bands 
of ozone as a function of height. Two distinctly different approaches have 
been developed. The first uses side-looking photometers for which the field- 
of-view is swept in azimuth (and across the solar disc) by the spin of the 
rocket. This type of sensor has been developed and flcwn on large rockets in 
Australia (CARVER et al., 1972; LEAN. 1983), England (MILLER and RYDER, 1973), 
India (SUBBARAYA and LAL, 1978), Japan (TOHMATSU et al.. 1974), Sweden (GRAHN 
and WITT, 1974), and the United States (WEEKS et al., 1972). In some cases 
(e.g., TISONE, 1972) an attitude control system has been used to point the 
photometer at the sun. 

The second UV absorption technique involves measurement of the vertical 
flux of sunlight on a horizontal diffuser plate as the instrument descends on a 
parachute after deployment from the rocket at apogee. Flux instruments have 
been developed for meteorological sounding rockets in Australia (SISSONS. 1974) 
and the United States (KRUEGER. 1973). Both absorption techniques determine 
ozone number density as a function of geometric height. 

Chemiluminescence sensors measure ozone through luminescence of a dye upon 
contact with the ozone as an air sample is drawn. These meteorological rocket 
instruments are designed to operate from a parachute similar to the UV flux 
instruments. The method measures ozone mixing ratio vs geometric height. 
HILSENRATH et al. (1969) and RANDAWA (1967) in the United States have made 
soundings with this technique. 

The (^(^A ) airglow sensor type is indirect, using measurements of 
the 1.27 m de?ay emission of the C^rA ) metastable excited state to 
infer ozone densities. This state xs pioduced during photolysis of ozone by 
sunlight at wavelengths shorter than 310 nm. The measurements are obtained 
from an ascending rocket using an upward-pointed photometer. To derive the 
ozone density it is necessary to calculate the ozone photolysis rate and 
account for the loss of photons by collisional deactivation of the 
0„( A ) . Most soundings of this type have been made by W. J. F. Evans 
(AES, “Canada) and E. J. Llewellyn (Univ. of Saskatchewan) and associates in 
Canada. 

II. 2 Functional Limitations of the Techniques 

The basic ozone sounding techniques have operational characteristics which 
limit their usefulness to certain altitude ranges, times of day, and latitudes. 
These limitations are summarized in Table 1. The side-pointed photometers are 
limited in lower altitudes by constraints on release of covers in the vehicle 
skin required for aerodynamic reasons and sensor protection at lcwer altitudes. 
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TABLE 1 


Rocket ozone sensor characteristics' 


'1 ' 

Sensor 

Type 

Altitude 
Range, km 

Solar Zenith 
Angle Limit 

Height' 

Resolution 

km 

Estimates of 
Precision, % 

UV Absorption 
(side pointed) 

30-75 

45°-96° 

1-2' ' ‘ • 

6-10% 

UV Absorption 
(vertical flux) 

15-60 

H* 

Ul 

O 

1 

OO 

o 

0 

0.5-2 

3% 

Chemiluminescent 

30-65 

none 

0.5-1. 5 

6% 

Oxygen (*A ) 
Airglow 8 

50-100 

45°-96° 

3.5 

10-20% 


The upper altitude is determined (aside from vehicle performance limits) by the 
minimum ozone optical depth that can be measured given the signal- to-noise 
ratio of the sensor. Observing times are limited by the lowest solar zenith 
angle that can be acquired with the f ield-of-view and by the highest solar 
zenith angle where the sun or moon is not occulted by the horizon or clouds. 
These limiting zenith angles typically are 45 to 96 degrees. 

The UV flux instruments have an upper altitude limit controlled by para- 
chute stability. This depends on the air density and ejection conditions. The 
lower limit is determined by error growth where either the solar flux is very 
small or the absorption per unit height becomes small. Limits on solar zenith 
angle are fixed by parachute obscuration for zenith sun and ty signal levels as 
the zenith angle approaches the plane of the diffuser. 

The chemiluminescence instrument is not restricted in time of day and has 
an upper altitude limit determined by parachute stability and a lower limit of 
approximately 30 km determined by the calibration equipment. 

The 0,(^6 ) sensor is of particular value for mesospheric ozone 
determinations^ It is limited to daytime operation and has height limits which 
depend on vehicle performance or on signal-to-noise ratios at the top of the 
profile, and, at the bottom of the profile, on collisional deactivation of the 
state rather than radiation. 

1 1. 3 General Sources of Error 

In situ sounding instruments are carried through the atmosphere along 
some trajectory which generally is a simple function. of altitude. Each height 
is sampled just once and the sounding corresponds to a time series of sampled 
data. Unless duplicate instruments are carried on the same vehicle, the 
sounding can never be exactly repeated to test for errors since the atmosphere 
changes continuously. 

In side-looking photometers the principal sources of random errors are 
solar aspect errors, electronic noise and telemetry errors. Solar aspect 
errors result in signal errors due to variations of the photometer response as 
a function of angle of incidence. In addition, the center wavelength of inter- 
ference filters in the photometer depends on the angle of incidence. Thus, 
aspect errors also lead to random calibration errors. The effects of elec- 
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tronic noise depend on ozone optical depth, t, being a minimum over the range 
0.1 < T < 3. This range of t takes place in a 15-20 km height span for a 
single wavelength, and multiple wavelength channels are required for a complete 
ozone profile. The product of ozone density uncertainty and height resolution 
is proportional to the signal-to-noise ratio. Experimenters generally choose 1 
or 2 km height resolution. 

Solar aspect errors, filter wavelength calibration errors, ozone effective 
absorption coefficient errors, light leaks, electronic bias and nonlinearity, 
radiometric bias from extraneous sources (e.g., cloud reflections), and optical 
path errors are sources of altitude-dependent biases. Estimates of precision 
and total bias in ozone density from a side-pointed photometer are 6-10 percent 
and 6 percent, respectively (WEEKS et al., 1972) for 1 km resolution data. 

The flux photometer has similar sources of error, except that in the Super 
Loki optical ozonesonde, solar aspect errors are removed by use of electronic 
compensation within the instrument. This, and increased measurement time in 
the stratosphere during parachute descent, results in a decrease in random 
ozone errors to about 3 percent at 2 km height resolution (KRUEGER, 1984). Al- 
titude-dependent biases in this instrument estimated from data discrepancies at 
altitudes where two channels overlap, are 3-7 percent and depend on wavelength- 
dependent ozone cross section data errors. Wavelength-independent biases in 
laboratory measurements of ozone cross sections would have a common effect on 
all instruments using the same source of laboratory data. 

Sources of random errors in the chemiluminescence technique are electronic 
noise, air pressure and temperature measurement errors, and telemetry errors. 
Bias errors originate during payload calibration, and from inlet duct ozone 
losses, and residual nonlinearities in the chemiluminescence process 
(HILSENRATH and KIRSCHNER. 1980). 

The principal sources of error for the ) technique are atti- 

tude errors, photaaeter noise, and uncertainties in conversion of OjV* ) 
emission rates to ozone densities. The conversion errors depend on errors in 8 
air density and the rate coefficient for collisional deactivation, the photo- 
lysis rate of ozone and on corrections for departure from photochemical equili- 
brium (particularly for large zenith angle conditions). The ozone errors in 
the O-^A ) measurement process are 10-20 percent at a height resolution 
of 3.5 km 8 (LLEWELLYN and WITT, 1977). 

11.4 Instrumentation and Sample Results 

II. 4.1 Side-looking UV photometers. The first successful rocket measure- 
ments of ozone made use of spectrographs to measure the changes in extinction 
of sunlight over the near ultraviolet wavelengths absorbed by ozone as the 
rocket ascended (JOHNSON et al., 1952). Lacking a solar pointing system, the 
spectrometers were equipped with wide f ield-of-view optical systems designed to 
overcome the attitude variations of the rocket. Having proved that ozone was 
the dominant absorber by these experiments, spectrometers are rarely used 
today. This technique (simplified by use of optical filters) has been a 
favorite for occasional ozone sounding because of its straightforward imple- 
mentation on ballistic, spin-stabilized vehicles and attitude-controlled 
platforms. The general configuration consists of a photodetector, a filter or 
dispersive device, and an optical or aperture system to define the field of 
view. In its simplest form, the side-looking photometer contains a photo- 
multiplier tube with a filter covering the photocathode, directed to an 
aperture in the skin of the rocket, together with a high voltage power supply 
and signal conditioning electronics. Lenses or mirrors are employed to either 
increase or decrease the field of view. On a ballistic flight, the optical 
axis is set at an angle to the vehicle axis such that the rocket spin sweeps 
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the field of view across the sun. This angle is typically adjusted for the 
different solar zenith angle conditions and flight trajectory of individual 
flights. Generally, several photometers with different wavelength settings are 
flown simultaneously to increase the altitude range of the measurements. 

The principle of this technique and of the flux photometer method 
described in the next section is based on the Beer-Lambert Law of absorption, 
which applies to the Hartley and Huggins absorption bands of ozone; that is. 



where I = the light intensity after passing through a column of absorber u^ 
with an absorption coefficient a, for a given source intensity I . This 
method could make use of a local light source passing through a column of air 
within the instrument but this becomes impractical above about 40 km because 
kilometer path lengths are required to measure the low ozone densities. In- 
stead, an extraterrestrial light source (the sun or moon) is used and the sig- 
nal is dependent on the integral amount of ozone above the instrument. The 
technique is, in fact, the same as used with the Dobson Spectrophotometer for 
measurement of total ozone from the ground. 


A key feature of rocket applications of this technique is that a labora- 
tory absolute radiometric calibration is irrelevant since the instrument 
response to the extraterrestrial solar flux, I _ £ s directly measured at 
apogee. This is an important aspect because tfie uncertainty of laboratory ir- 
radiance standards far exceeds the accuracy required in the determination of 
I . Furthermore, by solving for the ozone density rather than its integral 
amount, even the extraterrestrial flux response is extraneous to the 
measurement, as shown in Section II. 4. 2. 

The absorption coefficient for ozone is a strong function of wavelength in 
the near ultraviolet, varying by a factor of 100 between 310 and 255 nm. By 
selection of the wavelength, it is possible to choose the altitude region for 
the measurement for a given solar zenith angle. Mesospheric ozone measurements 
use channels near 255 nm while lower stratosphere data are obtained from wave- 
lengths near 305 iiffi. The altitude range for each channel is determined by the 
signal-to-noise ratio of the photometer, and is typically 10 - 15 km. The 
vertical resolution of the ozone distribution is also a function of the signal- 
to-noise ratio although this factor is frequently obscured by data-smoothing 
and curve-fitting procedures used with noisy data. 

The simple photometer is well suited for use on a pointed platform but re- 
quires information about aspect angles when used on a spinning rocket. This is 
because the flux of light at the photodetector varies with the cosine of the 
angle of incidence, but equally important, the transmission and center 
wavelength of an interference filter depend on the angle of incidence. An ex- 
ample of the variations of signal due to aspect angle changes is shown in Fig- 
ure 1 from LEAN (1983). The maximum signal current on each revolution of the 
rocket occurs as the photometer field of view sweeps past the moon (the data 
came from a nighttime experiment) in each of three wavelength channels. During 
the rocket ascent from 30 to 60 km the signals increase almost monotonically 
due to the decreased integral ozone. The rate of increase varies with wave- 
length because of differing ozone absorption coefficients. Above about 60 km, 
the ozone optical depth is very small at all wavelengths so that the signal 
changes are due only to lunar aspect angle changes as shown at the bottom of 
the chart. The same modulations are hidden at lower altitudes by the large 
slope of the curve due to the exponential decrease of ozone density with 
height. If uncorrected, these modulations would produce errors that are orders 
of magnitude greater than the ozone densities in the mesosphere. However, with 
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Figure 1. Example of raw telemetry data 
from a side-looking UV photometer 
from LEAN (1982). The dominant in- 
crease in signals between 30 and 50 km 
is due to the decrease in ozone. Super- 
imposed are modulations due to aspect 
angle variations shown by the solid line, 
which would produce large errors in com- 
puted ozone densities if not corrected. 


accurate aspect data and a good calibration of the photometers for aspect 
sensitivity, it is possible to correct the irradiance data and obtain valid 
ozone data. 

An example of the configuration of a side-looking photometer is shown in 
Figure 2. This diagram, from SCHLYTER and WITT (1982), portrays the typical 
components used but with certain improvements. G. Witt employs a single photo- 
detector with a mirror array that collects light through several ports, each 
with its own filter set and lens, on the sides of the rocket. Since the sun 
illuminates only one port at a time, the individual channels are sequenced by 
the spin of the rocket. This design eliminates inter-channel drifts of 
detector sensitivity as sources of bias in ozone measurements. 
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Figure 2. Schematic diagram of a side-pointed UV ozone photometer 
indicating typical components. In this adaptation by SCRLYTER 
and WITT (1982) several channels are fed to a single photo- 
detector and the angle of incidence of light at the interference 
filters is controlled by a lens and diffuser plates at the op- 
tical entrance. 


Another aspect of this design is the use of a diffuser plate as the first 
optical element to eliminate the wavelength dependence on aspect angle in 
simple ozone photometers. The use of a diffuser plate in the Witt instrument 
assures that the angle of incidence at the filter remains constant so that the 
optical properties remain constant during the flight. However, it is still 
necessary to account for the solar aspect angle because of a cosine-law 
response of the diffuser. This can be accomplished with a non-absorbed 
reference channel. The greatest problem with a side-looking diffuser plate is 
that the horizon is always within the field of view and reflections from clouds 
seriously complicate the signal analysis at the longer wavelengths. 

A different approach is used in Japan by T. Ogawa and T. Watanabe (pvt. 
comm., 1980) of the University of Tokyo. Their instrument contains a single 
axis tracking system to maintain the photometer axis at the elevation angle of 
the sun. The maximum signal then is always at a zero angle of incidence and 
aspect angle corrections are unnecessary. Furthermore, the photometer field of 
view can be limited to exclude horizon light. 

The side-looking photometer approach has been used successfully for many 
years. It is particularly suited for measurements at high solar zenith angles, 
including sunrise and sunset when the highest altitude measurements are pos- 
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sible because of the long path through the atmosphere. Because of the physical 
size of the photometers, the method is limited to the larger rockets and has 
not been employed on meteorological sounding rockets. An example of flight 
results is given in Figure 3 from WEEKS et al . (1972). 

II. 4. 2 UV flux photometers. The ROCOZ optical ozonesonde developed for the 
Super Loki rocket is a miniaturized four-band filter wheel photometer which 
measures the relative vertical flux of sunlight as a function of height. Ozone 
densities are calculated from the height gradient of the signals. The filter 
wavelengths are selected in the UV Hartley and Huggins bands to provide mea- 
surements between 17 and 60 km. This instrument is a second generation ozone- 
sonde which was developed during the mid-1970s at the Goddard Space Flight 
Center (KRUEGER, 1984) to replace the Areas rocket ROCOZ instrument originally 
designed and tested in 1962-1965 (KRUEGER and MCBRIDE, 1968), and is now 
commercially produced by the Sen Tran Company, Santa Barbara, California. 

The ROCOZ instruments are designed to function during descent after de- 
ployment on a decelerator. In general, the output of a vertically pointed 
photometer depends on solar zenith angle and deviations of the photometer axis 
from the vertical due to pendulation. In the Areas instrument, the instrument 
response was made independent of the attitude angle by use of a spherical 



Figure 3. Example of ozone distributions 
obtained with side-pointed photometers 
by WEEKS et al. (1972). 
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transmission diffuser at the optical entrance, similar to the method of the 
Paetzold balloon ozonesonde (KULCKE and PAETZOLD, 1957). In the Super Loki 
instrument, the sphere was replaced with a transmission diffuser plate. The 
variation of sensor response due to angle of incidence of sunlight on the dif- 
fuser plate is corrected electronically. 

The optical design of the Super Loki instrument is shown in Figure 4. 
Sunlight is diffusely transmitted through the diffuser plate shown at the left 
in the diagram. The diffuser assembly consists of a stack of three quartz 
plates which have been ground on both sides. 'The light from the diffuser is 
divided into two components by a quartz plate be8m splitter. The main fraction 
of the light passes directly into the ozone photometer which consists of a 
filter wheel containing four UV interference filters, a broad-band UV filter, a 
lens and a UV enhanced silicon photodiode. The 5 percent of the diffuse light 
reflected by the beam splitter is directed to a second photometer which is 
matched to the characteristics of the UV photometer except for spectral re- 
sponse. The lenses in the photometers allow only rays within nine degrees of 
normal incidence to be accepted by the photodiodes. 

The filter wheel is rotated continuously by a dc motor at approximately 60 
rpm. Both photometers are sampled exactly at the time that each filter is 
aligned with the UV optical axis. The timing is controlled by a LED-photodiode 
sensor triggered by reflective spots on the filter wheel. The ratio of the 
signals from the matched photometers is independent of attitude angle of the 
instrument and of the solar zenith angle. 

The interference filters are selected to cover the altitude range of 20 to 
60 km with some redundant data at intermediate heights. Table 2 is a list of 
typical properties of filters used in flights before 1982. The column labeled 
"half width" denotes the full width at the 50 percent of peak transmission 
points. The altitude range indicates the limits where the ozone optical depth 
is between 0.10 and 2.0 for moderate solar zenith angle conditions. The filter 
at 257 nm is particularly valuable because it is at the center of the Hartley 
band where an error in filter wavelength causes no error in ozone absorption 
coefficient. 


FILTER WHEEL 



Figure 4. The optical design of a vertical flux photometer 
for the Super Loki - Dart rocket (KRUEGER, 1984). 
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TABLE 2 


Optical filter characteristics 


Center Wavelength, nm Half-width, nm Altitude Range; km 


320 

304 

287 

257 


3 

3 

3 

10 


Reference 

20-35 

33-45 

42-57 


The broad-band filter has a transmission band from 240 and 340 nm and blocks 
the visible wavelengths with a transmission less than 10~7. 

The instrument is operated as a dropsonde carried by a Starute decelerator 
after deployment near 70 km from a Super Loki-Dart vehicle (Figure 5-right 
side). The Super Loki booster is identical to that used for meteorological 
soundings throughout the US. 

The assembled payload (Figure 5-left side) consists of a telemetry and 
power module at the forward end of the Dart, the ozone sensor, a spool for a 
10 m lanyard required to prevent shading of the optics during flight, and the 
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Figure 5. The flight configuration of a Super Loki optical 
ozonesonde; (left) - installed in Dart vehicle for up- 
flight, (right) - as suspended from the decelerator 
after deployment from Dart at apogee. 
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Starute decelerator. The instrument weight is 1 kg and the assemble Dart 
weight is 7.7 kg. • • 

II. A. 3 Processing of UV absorption data. The analysis of data from the UV 
absorption methods depends on the instrument peculiarities, but the theoretical 
basis is the same for all. 


Ozone densities are determined by a finite difference method derived from 
Beer's law: 

I, = I . e -01 *" " ^ m 

A o A 

where 1^ is the incident direct sunlight at wavelength, X, at any level, I ^ 
is the extraterrestrial solar flux, a ^ is the ozone absorption coef ficient? u 
is the slant path integral ozone amount above the observing level, 3x is the 
Rayleigh scattering coefficient: and m is the integral amount of air along the 
slant path. The finite difference equation is formed from the logarithmic 
derivatives. 


d In 1 

-liir 1 = - (< >X 


, da. du . dm 
+ U dZ> dh ‘ 6 X dh 


where minor terms have been ignored. This expression can be solved for the 
change in slant path ozone per unit height: 


du _ -1 / ln ^ g : dm-, 

dh ", . da, v dh P X dh' 

(a X + U *I> 


Because 
must be 
defined 


finite bandwidth filters are employed, the ozone absorption coefficient 
replaced by effective absorption coefficients for each of the j filters 
as follows: 


a . (u,m) = ln 

J u 






‘‘oX "X ‘jX *X 


here is the photodetector response, F.^ is the spectral transmission of 
the jth filter, and T^ is the spectral tiansmission of the diffuser plate. 


An effective Rayleigh scattering coefficient is also computed for each 
filter and can be specified as a constant. 


3. (u.m) = B . 

J °J 

Various data smoothing methods are used by different experimenters and the 
quantitative nature of the derived ozone distribution depends on the smoothing. 
Least squares curve fitting over the complete extinction curve produces ozone 
profiles which depend on the selected functional form, have biases which grow 
large at the upper and lower altitude limits, and are sensitive to flight data 
quality and outliers. Manual da ta smoothing has ill-defined spectral properties 
but generally avoids biases at the end points. The ROCOZ processing algorithm 
fits a low-order polynomial to the data points in the vicinity of each height^- 
level, detects outliers by their deviation from the fitted curve, and refits 
the curve to find the central point. This procedure is then repeated at each 
one-kilometer height level, and a finite difference scheme is used to compute 
ozone densities. 


The number of ROCOZ measuranents per unit height varies considerably with 
altitude with a fixed sampling rate of approximately one sample per UV channel 
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per second coupled with a descent rate which decreases by a factor of two for 
each 10 km altitude change. This yields about 11 samples/m at 50 km and 50 
samples/km at 30 km. An example of raw data from a ROCOZ flight is shown in 
Figure 6. Under most conditions, the random errors in the data are due to 
angle compensation errors which are on the order of 0.4%. Telemetry 
quantization errors are distinguishable by the steps in the curve at the later 
times and lower altitudes. Common mode errors and drift in the UV photometer 
are removed by ratioing the three short wave UV samples to the 320 nm refer- 
ence channel. This also removes any low frequency changes in the compensation 
photometer from the UV data. 

The ozone densities are computed independently for each of the three 
active channels over the optical depth range from 0.1 to 2. To produce a 
single ozone profile the results are merged using the uncertainties as 
weighting factors in the regions of overlap. The bias between results in the 
overlap regions provides an internal test for validity of the filter calibra- 
tion and instrument performance. An example of repeatability between ROCOZ 
instruments is shown in Figure 7. The two soundings were made 15 minutes apart 
from Wallops Flight Center (KRUEGER. 1984). 

II. 4. 4 Chemiluminescent detectors. The chemiluminescent technique for o- 
zone detection was first described by BER0N0SE and RENE (1959) in which organic 
dyes impregnated on paper discs were shown to luminesce upon exposure to ozone. 
This process appeared to be quantitative and REGENER (1964) adapted the method 
for balloon ozone soundings because its high sensitivity permitted measurements 
of the low ozone concentrations found in the troposphere. The competitive 
balloon ozone sensors were 1) an electrochemical cell using potassium iodide 
in an aqueous solution through which ambient air was pumped and 2) an optical 


HEIGHT, km 



Figure 6. Example of raw telemetry data from a Super Loki optical 
ozonesonde for a channel centered at 288 nm. The signal de- 
creases with time as the instrument descends. 
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Figure 7. Results from nearly coincident flights of Super Loki 
ozonesondes at Wallops Island (KRUEGER, 1984). 


sonde similar to the UV flux photometer described above. The apparent 
simplicity, ruggedness, and sensitivity for resolving the detailed vertical 
structure were qualities that led the US Air Force to further develop the 
chemiluminescence instrument for routine sounding purposes during the 1960s. 
Subsequently, HILSENRATH, et al. (1969) and RANDHAWA (1967) developed rocket- 
sondes based on the technique. None of the instruments are in current use. 
The production version hall con-borne instruments developed instabilities and 
nonlinearities. The Randhawa instrument similarly appeared to be unstable, 
particularly at the high altitudes reached by rockets where the ozone 
densities were very low. The Hilsenrath instrument was used until recently, 
and by meticulous attention to instrument calibration and calibration 
Stability, the problems appeared to be overcome. This instrument design is 
reported in the next section. 


The physical mechanisms in chemiluminescence with ozone are not well 
understood. However, the process has been characterized in laboratory studies. 
Certain dyes, such as the rhodamine-B used by Hilsenrath, produce light when- 
exposed to ozone or atonic oxygen, but are insensitive to other minor atmo- 
spheric constituents (eg., NO^, SC^. H 2°2’ H 2 0, • T ^ e oxyltunin- 

escence is temperature sensitive and appears to have some synergistic effects 
with water vapor and ammonia. The efficiency, stability, and response time are 
also dependent on the method of preparation and deposition on a substrate so 
that each of these factors was examined to produce a suitable sensor. For 
example, Hilsenrath found that the addition of gallic acid increased the sta- 
bility and response time of rhodamine-B. Because the absolute luminescent ef- 
ficiency of the dyes is not predictable, the instrument response is determined 
in laboratory calibrations. 

The chemiluminescence instruments require that a known air sample be drawn 
as the instrument descends on a parachute. The method employed by both 
Hilsenrath and Randawa involves a chamber which is evacuated during the ascent. 
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then backfills aB the external air pressure increases during the descent. The 
air,. flow rate past the detector is proportional to the pressure change in the 
chamber. This method is indicated, in Figure 8. illustrating the ^components of 
the Hilsenrath instrument. Air is drawn through a light ' trap aml^across the 
chemiluminescent, disk as it flows into the ballast chamber. ' The^light is 
detected with a photomultiplier tube after passing through a chopper“wheel used 
to suppress the dark current. A calibration light source periodically is 
turned on to establish the detector response. The temperature and pressure of 
the ballast chamber are monitored during the flight. 

The expression for the chemiluminescent response is given by: 

L = KC q F( 1 - e _q/F ). 

where L = luminescent light level, K = photon production efficiency and 
instrument calibration constant, C = ozone concentration, F =' flow rate, and 
q = detector cell efficiency. At low flow rates this reduces' to: 

L = K C F. 
o 

and the luminescence is proportional to ozone concentration and flow rate. The 
flow rate is derived from the ballast chamber temperature, T, and pressure, p, 
resulting in the expression: 

L = (K'r 3 /T) (dp/dt), 

where r^ is the ozone mixing ratio, and dp/dt is the rate of change of pres- 
sure in the ballast chamber. The calibration constant, K' , is determined when 
the instrument is evacuated and attached to a source of ozone using an apparar- 
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Figure 8. Principal components of a chemiluminescence ozonesonde 
for the Super Areas rocket (HILSENRATH and KIRSCHNER, 1980). 
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tus which simulates the descent pressure profile. It has been found that 
preconditioning with ozone is necessary to stabilize the instrument response. 
This involves passivation with high ozone concentrations and cycling through 
the range of operating pressures and flow rates. 

An example of the repeatability between instruments (HILSENRATH and 
KIRSHNER, 1980) is shown in Figure 9. The two flights were launched 13 minutes 
apart from Wallops Island. Va. It is noted that the system appears to produce 
data of good quality throughout the upper stratosphere and into the mesosphere 
to approximately 65 km. In comparisons with other instruments, particularly 
the Super Loki optical ozonesonde, good agreement (10%) is usually found from 
30 to 55 km, but the chemiluminescence instrument results appear to be signifi- 
cantly larger below 30 km. 

One of the most important virtues of the chemiluminescence technique is 
the ability to observe day or night with the same precision of measurement. 
HILSENRATH (1971) obtained a determination of the diurnal variation of ozone 
and confirmed that the theoretically predicted odd oxygen partitioning between 
ozone and atomic oxygen was correct in the mesosphere. 

II. 4.4 Singlet delta oxygen emission photometer. When ozone is photo- 
dissociated in the Hartley bands, oxygen molecules are produced in a metastable 
excited state, 0 ^ A ), with a radiative lifetime of 2.7 x 10 seconds. 
Unless the molecules a$e collisionally deactivated they decay to the ground 
state by emission of radiation in the region of 1.27 pm. EVANS et al. (1968) 
first exploited this effect to infer the distribution of ozone by measuring 
the change with height of the 0-( i A ) emissions with a photometer on a 
rocket. ® 


REPEATABILITY TEST 
WALLOPS ISLAND 24 JULY 1977 
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the excited state production equation: 


X < 310 nm, 

and the lose reactions: 


for radiation at the rate K (sec *) , and, 

K 

0„( A ) + M + C 0„ + M 

2 g 2 

3 -1 

the non-radiation transition at the rate K , cm sec . The last 
expression, which represents collisional deactivation, depends on air density 
[M] , and dominates over the emission below the stratopause. This effect 
controls the lower altitude limit for the technique. The rate equation for 

0_( A ) is of the form: 

8 

dn*/dt = J 3 [0 3 ] - (K + K c [M] ) n* 

where n* is the density of 0,(^4 ). Under mid-day conditions, the pro- 
duction rate can equal the loss fate and a particularly simple (steady-state) 
relation is found between the ozone density [O 3 ] and n*. namely: 

[0 3 ] = (K r + K c [M] ) n*/ J 3 . 

The accuracy of the technique depends on the accuracy of J 3 , which must 
be iteratively computed from solar flux and ozone cross section data and an 
initial guess for the ozone distribution, and on the accuracy of the collision- 
al deactivation rate coefficient and of the air density, which must be inde- 
pendently determined. These factors introduce more uncertainty in the ozone 
results than present in the other techniques, as was indicated in Table II-l. 

The photcmeter flown by EVANS et al. (1968) consists of a baffled port 
through the side of the rocket, a folded optical path into a sealed chamber 
containing a chopper, beamsplitter, and two PbS detectors with filters to , 
isolate the 1.27 pm band emissions and to measure the background light due to 
Rayleigh and aerosol scattering. The design is illustrated in Figure 10 as 
implemented for an Aerobee 150 rocket. The background channel was found to be 
unnecessary (WOOD et al., 1970) and the instrument was subsequently redesigned 
at the University of Saskatchewan (EVANS and LLEWELLYN, 1971; SOLHEIM, 1979) 
and flown to measure night airglow from the limb as well as for day and twi- 
light ozone soundings. The new design uses a light baffle to limit the field 
of view, a narrow band interference filter to define the 1.27 pm band, an 
objective lens to focus the light on a lead sulfide detector, a tuning fork 
chopper, and a broad band filter. For daytime ozone measurements, the instru- 
ment is pointed along the spin axis of the rocket and data are taken after 
the nose tip is ejected above 40 km. . a example of the ozone distribution 
obtained by this method is given in Figure 11. 

III. ROCKET-BORNE INSTRUMENTS FOR OTHER MINOR CONSTITUENTS 

III. 1 Nitrogen Radicals 

The odd nitrogen radicals (NO^ = NO + N0 2 ) account for most of the odd 
oxygen destruction in the stratosphere and participate in the chemical pro- 


The processes can be described by 


O 3 + hv -*■ 0 ( X D) + 0 2 ( 1 A g ) , 
where J 3 is the ozone photolysis rate, 
1 K 

0.( A ) + r 0. + hv (1.27 pm) 
2 g 2 
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Figure 10. Design of an oxygen airglow photometer 
for ozone measurements (EVANS et al . , 1968). 


cesses throughout the middle atmosphere. The NO species have two source 
regions in the atmosphere, being produced at thermospheric altitudes from 
energetic particle and ion processes and, at stratospheric altitudes, from 
nitrous o&iue reacting with excited oxygen atoms. Rocket techniques are not 
well developed to measure these radicals although a clear need exists for in 
situ data. Most of the existing observations are from occasional research 
soundings. 

III. 1.1 Nitric oxide. The means for measurement of stratospheric and meso- 
spheric nitric oxide have developed independently from different disciplines 
and, at this time have not been combined. We first discuss the methods for 
measurement of mesospheric NO that were developed for purposes of aeronomy. 

The nitric oxide in the mesosphere is quite evident in airglow spectra 
taken from high altitudes due to resonance scattering of sunlight in the ultra- 
violet gamma bands of NO near 215 nm (BARTH, 1964). Several rocket soundings 
were made by the University of Colorado using spectrometers to observe the 
spectral radiance of the zenith sky as a function of altitude. MEXRA (1971) 
showed that by accounting for the Rayleigh scattered component in the radiance, 
ozone absorption, and polarization sensitivity of the spectrometer, it was pos- 
sible to obtain quantitative NO profile information. 

Probably the most recent development in instrumentation to measure the 
nitric oxide vertical distribution in the mesosphere by rockets is by the 
Geophysics Research Laboratory of the University of Tokyo. TCHMATSU and 
IWAGAMI (1976) designed a radiometer which discriminates the NO gamma-band 
emissions from the background Rayleigh scattered continuum by a gas correlation 
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OZONE CONCENTRATION, cm -3 


Figure 11. The ozone distribution obtained from 
conversion of 0_ (’Ag) emission measurements 
(LLEWELLYN and WITT. 1977). 


technique. A photometer whose spectral response is limited to the vicinity of 
215 nm by an interference filter is fitted with a collimator and a device for 
alternately exchanging two optical cells in the optical path. One cell is 
filled with nitric oxide gas while the other is evacuated. The NO-filled cell 
selectively absorbs the resonantly scattered light from the atmospheric nitric 
oxide while the other cell passes all the light. The difference between the 
signals from the two cells thus, is proportional to the atmospheric nitric 
oxide within the field of view. The instrument calibration is based on the 
Rayleigh scattered intensity which can be computed for the air pressure dis- 
tribution. 

Results from several flights of this instrument have been reported. 

Figure 12 illustrates the signals observed as a function of height for a rocket 
flight from Syowa Station, Antarctica in August, 1977, as reported by IWAGAMI 
and OGAWA (1980). The apparent emission rates measured through the nitric 
oxide filled cell (S^) and the blank cell (Sg L ) are shown for both ascent 
and descent. In this and the prior fl-'ghts, a constant background signal, 
presumably due to instrumental stray light, was observed in addition to the 
Rayleigh and resonance scattered intensity. The measured nitric oxide profiles 
are shown in Figure 13 where prior results from flights of the sensor at 
Thumba, India, and Uchinoura, Japan, are also indicated. 

The resonance scattering technique fails at lower altitudes due to the 
large Rayleigh scattering background, but the correlation technique appears to 
be very promising for resolving questions about' transport of thermospheric 
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Figure 12. Resonance scatter apparent emission rates 
for a NO-filled cell (S™) and a blank cell (S-.) 
from IWAGAMI and OGAWA u.980) gas # correlation B 
instrument at 214.8 nm (1 nm = 10 A) . 



NITRIC OXIDE DENSITY, cm -3 
Figure 13. Nitric oxide measurements at Syowa, 
Uchinoura, and Thumbs using the NO gas cor- 
relation instrument (IWAGAMI and OGAWA, 1980). 
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nitric oxide to the stratosphere. The technique for measurement of nitric 
oxide in the stratosphere is described in the following. 

Nitric oxide is found in the stratosphere in concentrations of less than 
about 30 ppbv. Measurements of this constituent with an accuracy of 1 - 3 ppbv 
are required to establish the completeness of photochemical models and to 
determine whether thermospheric NO is contributed to the budget of 
stratospheric odd nitrogen. Because of the low concentrations, many of the 
conventional measurement methods are ruled out. An indirect method that can be 
employed on balloons and rockets is based upon the reaction of nitric oxide 
with ozone to form nitrogen dioxide in an electronic exited state. These mole- 
cules decay to the ground state emitting photons in the red and infrared spec- 
tral regions. HORVATH and MASON (1978) of the University of Michigan have 
developed this technique for sounding rocket use as a dropsonde. In the para- 
chute-borne instrument, ambient air is drawn by a cryogenic pump into a 
reaction chamber where it is mixed with ozone that is carried with the instru- 
ment. The resulting chemiluminescent emissions are detected with a photomulti- 
plier tube. 

The reactions taking place in the instrument are as follows: 


(1) 

NO + 

0 3 — > N0 2 * + 0, 

(2) 

NO + 

°3 -> N0 2 + °2 

(3) 

N V 

— > N0 2 + hv 

(4) 

N0 2* 

+ M --> N0 2 + M 


When nitric oxide reacts with ozone, either excited or ground state NO^ is 
produced depending on whether path 1 or path 2 is followed. The reaction rates 
favor the production of the ground state molecule about 96% of the time. The 
excited N0„* can decay by reaction 3 to produce a photon, or by reaction 4 in 
which the photon is lost by collisional deactivation. The signal detected by 
the photomultiplier thus, is a due to a small fraction of the nitric oxide 
molecules that are present. Since the reaction rates are not known with high 
accuracy and the detection efficiency depends on a number of empirically deter- 
mined factors, the instrument is calibrated before flight in the laboratory 
with a known source of nitric oxide. 

The apparatus that was designed for deployment with an Orion rocket 
(HORVATH et al., 1983) is illustrated in Figure 14. The instrument is 115 cm 
long and weighs 9.5 kg. The reaction chamber, located near the center of the 
instrument, is supplied with ambient air through an inlet tube extending to the 
forward end for an uncontaminated sample. Ozone is supplied to the reaction 
chanber from a storage chamber filled with a 5% ozonated-oxygen mixture pre- 
pared before launch with an ozone generator. A liquid nitrogen cryogenic pump, 
located at the top of the instrument, provides the pressure differential to 
obtain sample flow rates over the range of 0.2 to 12 cm3/sec S.T.P. between 
50 and 35 km. The reaction chamber pressure is measured with a mechanical 
pressure transducer and the temperature is measured at several locations with 
thermistors. The conductance of the inlet duct is measured in the laboratory 
for a range of pressures corresponding to flight conditions. 

This instrument and its developmental precursor have been flown on nine 
occasions between 1976 and 1981, primarily at Wallops Island, Virginia. An 
example of recent flight results and the repeatability between soundings 
(HORVATH et al., 1983) is shown in Figure 15. The two soundings were taken 50 
minutes apart near local noon on July 23, 1981, at Wallops Island. The error 
bars indicate the uncertainty in the measurements due to pulse counting statis- 




Figure 1A. Schematic of a chemiluminescence instrument 
to measure nitric oxide (HORVATH et al., 1983). 



Figure 15. Results from nearly coincident flights of 
chemiluminescence nitric oxide instruments at 
Wallops Island (HORVATH et al.. 1983). 
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tical errors and the errors in flow rate and air and ozone densities. The two 
profiles generally agree within the measurement errors of about 10% and in 
addition produce evidence for sane structure in the nitric oxide distribution 
on the day of the flights, r 

These rocket measurements of nitric oxide have not been directly inter- 
compared with other techniques at this time. The same chemiluminescence tech- 
nique has been employed on balloons although the instruments differ in many 
operational details. In general the results from the balloon soundings are 
higher by about a factor of two than the rocket results. At the present time 
photochemical models of the stratosphere give little guidance in choosing be- 
tween the two sets of results. 

III. 1.2 Nitrogen dioxide. Absorption bands of NOj in the 400 nm region 
hove been applied to its measurement from the ground and from balloons and 
rockets. With lew abundances of NO 2 the measurements are enhanced if long 
paths such as limb occultation paths are used. The Solar Irradiance Photometer 
(SIP) instrument developed by Georg Witt of the Department of Meteorology, 
University of Stockholm (see Figure 2), was modified to observe the atmospheric 
NC >2 absorption (GRAHN and WITT, 1974) and flown fran the Guiana Space Center, 
French Guiana, in March 1974. One channel was dedicated to NOj using an 
8-nm-wide filter centered on the 409-nm absorption peak of nitrogen dioxide. 

The remaining channels were used to measure the distribution of ozone and for a 
nonabsorbed reference signal to measure attitude-dependent signal variations. 

The experiment produced measurements of nitrogen dioxide, density from 21 
to 35 km, as shown in Figure 16. 



Figure 16. The number density distribution of nitrogen 
dioxide obtained by rocket at Guiana Space Center in 
March 1974 (SCHLYTER and WITT, 1982). Error bars 
are one-sigma uncertainty; diagonal lines are volume 
mixing ratio isolines. 
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III. 2 Atomic Oxygen 

A silver film sensor for atomic oxygen was developed by HENDERSON and 
SCHIFF (1970). The technique made use of the change in conductivity of a sub- 
micron film as the silver is converted to silver oxide on exposure to atomic 
oxygen. A series of four sounding rocket flights was conducted to evaluate the 
technique (HENDERSON. 1974). The method has produced results in the 90 to 120 
km altitude region which are in general agreement with mass spectrometer 
observations which overlap at the higher altitudes. The lower altitude limit 
for the silver film technique appears to be constrained by aerodynamic heating 
which would destroy the film. In the Henderson experiments, the rocket apogees 
were near 130 km so that the films were deployed at 90 km. 


III. 3 Hydrogen Compounds and Radicals 

11 1. 3.1 Water vapor. Water vapor is an active constituent of the strato- 
sphere because odd hydrogen radicals, important to the ozone chemistry, are 
readily formed. Water vapor has been measured from rockets using long path 
absorption of sunlight in the 2.7 pm spectral region (EVANS, 1974; 

DEJONCKHEERE, 1975) and by thermal infrared emission (ROGERS et al., 1977). A 
major problem with the measurement of stratospheric water vapor concentrations 
(particularly from balloons) is that the sample of air is easily contaminated 
by water carried on the equipment itself. By the use of rockets, it is anti- 
cipated that rapid ventilation of the equipment combined with an external mea- 
surement technique will alleviate this problem. 

The long-path absorption instrument designed by EVANS (1974) consists of a 
two-channel radiometer, each channel using a lead sulfide detector and a thin 
film interference filter. One filter includes the water vapor absorption band 
centered at 2.7 pm while the other is a reference filter near 2.4 pm. The 
instrument is flown with the sun on the horizon as the spinning rocket sweeps 
the field of view in azimuth. The amplitude of the waveform on each rotation 
is a measure of the absorption. The calibration of the instrument is based on 
the effective absorption coefficient weighted by the filter spectral response, 
which is computed similar to that for ozone soundings. However, the line 
characteristics of infrared spectra require special treatment compared with the 
continuous absorption spectra in the ultraviolet for ozone or water vapor. 

O'BRIEN and EVANS (1981) reported on flights of this instrument at Cape 
Perry, Canada, and Kiruna, Sweden. The two flights indicate a general increase 
in the water vapor mixing ratio from about 1 ppm at the tropopause to 8 ppm at 
55 km with an estimated uncertainty of 1.5 to 2 ppmv. This general behavior 
with altitude is as expected from the oxidation of methane in the upper strato- 
sphere. ■ 

The second type of technique is based on the thermal emission of water 
vapor. At the present time, data from a general purpose infrared spectrometer 
have been applied to the water vapor measurement problem. ROGERS et al . (1977) 
analyzed emission spectra from the mesosphere using a rocket-borne cryogenic 
spectrometer to scan the region from 7 to 24 pm in a flight from the Poker 
Flat Research Range in Alaska in March 1973. The radiances on the long wave- 
length wing of the 6.3 ym band of water were found to be consistent with a 
mixing ratio of 3.5 + 2.2 ppmv between 49 and 70 km. The prospects for 
developing this technique for more routine use are not kncwn. 

111. 3. 2 Hydrogen radicals. Although odd hydrogen reactions are believed to 
control the abundance of odd oxygen in the mesosphere, the mixing ratios of the 
hydroxyl and hydroperoxyl radicals are generally less than 1 ppbv. At strato- 
spheric altitudes the mixing ratios are lower by a factor of ten than in the 
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mesosphere, and the problems of measurement are severe. Tvo rocket flights 
hove been made to measure mesospheric hydroxyl, but HC^ has not been measured 
above 40 km. The technique used for the hydroxyl measurements makes use of 
resonance fluorescence emissions at 306.4 nm in the near ultraviolet spectral 
region. ANDERSON (1971) conducted both soundings using an Ebert-Fastie 
spectrometer to scan the spectral region containing an OH line as the spinning 
rocket ascended through the mesosphere. The atmospheric radiance at this 
wavelength region is dominated by Rayleigh scattered light so that the problem 
is to separate the resonance scattered light from the background. On the first 
flight on June 28, 1969, data were taken between 60 and 108 km at evening twi- . 
light. The hydroxyl emissions could not be clearly resolved in the presence of 
large modulations due to the polarization of the Rayleigh scattered light and 
interference between the rocket roll rate and the spectrometer scan rate. It 
was possible, however, to compute an upper limit to the hydroxyl densities. 

A second sounding was made on April 22, 1971, from White Sands, New 
Mexico, in which advantage was taken of the polarization of Rayleigh scattered 
light to discr imi nate the OH emissions from the background. In this case, the 
spectrometer field of view was directed to the zenith shortly before sunset 
so that the view angle is perpendicular to the incident sunlight. The results 
of this flight are shown in Figure 17. Hydroxyl densities between 45 and 70 km 
were determined to be about 3 x 10 6 cm - ^ with little variation with alti- 
tude and with an uncertainty of +_ 120%. 

IV. SUMMARY 

In this chapter, an attempt has been made to survey the techniques that 
hove been devised to measure the neutral composition of the middle atmosphere 
from rockets. Although the effort has certainly not uncovered all of the 
methods that have been attempted, and perhaps has entirely missed some ingen- 
eous techniques, it is apparent that rockets have not been heavily employed for 
composition soundings. The following constituents have been measured directly 



Figure 17. The vertical distribution of hydro^l 
measured at White Sands, New Mexico, on April 
22, 1971 (ANDERSON, 1971). 
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with rockets, in some cases, only one time: 

o Ozone 
o Nitric oxide 
o Nitrogen dioxide 
o Water vapor 
o Hydroxyl 
o Atomic oxygen 

While ozone has been sounded by rockets about 400 times, and nitric oxide about 
10 times, the other constituents have only one or two measurements. A few ad- 
ditional data points for neutral constituents will be added if grab samples 
flights are included. Since it might be expected that a dozen or more flights 
are needed before the instrument and the technique begin to be understood by 
the experimenter, it would seem that rocket exploration of the neutral composi- 
tion of the middle atmosphere is still in its infancy. Furthermore, the first 
completely valid sounding constitutes a zeroth order understanding of the geo- 
physical behavior of the constituent. 

Measurements of the neutral composition of the middle atmosphere are nec- 
essary to complete our understanding of the chemical and physical processes 
that control ozone. Rockets offer the only realistic possibility for direct 
measurements over the entire stratosphere and mesosphere. Yet, the only type 
of sensor for which substantial efforts have been employed is the ozone sensor. 
All other developments have been either individual one-time research efforts or 
very limited research campaigns. Large rockets, with their supporting equip- 
ment, can be quite expensive. Meteorological sounding rockets are inexpensive 
but the payload volume is small and considerable ingenuity is required to de- 
sign composition measuring instruments. However, it is clear that these 
rockets are under-utilized in the current age when electronic components no 
longer require significant volume and measurements can indeed be very sophisti- 
cated. A hope is that MAP will encourage the development of new rocket tech- 
niques, and that the existence of these techniques will bring funding support 
to this fertile field. 
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ABSTRACT 

Rocket tecjjgiques as applied to measurements in the middle atmosphere of 
X-rays in the 5^100 keV range are presented. Different types of detectors and 
payloads are compared in regard to their capabilities and limitations. Assess- 
ment of the energy deposition by X-^rays is examined by methods involving in 
situ measurements and/or model- dependent calculations. Recent results illus- 
trate the role of X-Mrays as an important source of ionization in the middle 
atmosphere at all latitudes, with the greatest range of effects taking place at 
high magnetic latitudes. 


INTRODUCTION 


The purpose of this chapter is to present some details of rocket tech- 
niques and measurements which are aimed at assessing the role of extra- 
terrestrial X-rays for energy deposition in the middle atmosphere (^30-90 km). 
The importance of energy deposition by X-ray radiation in comparison with other 
sources has not been a subject of general agreement. To a certain extent, this 
has come about from drawing conclusions based on results of computed deposi- 
tions using source functions and/or model parameters that were uncertain or 
nontypical. In situ measurements by rocket-borne experiments covering a 
wide range of disturbance conditions has served to improve our understanding of 
these problems. 

Perturbations of the quiescent state of ionization are thought to be im- 
portant for a number of studies, including those concerned with minor consti- 
tuents, aerosols, and global electrodynamics, where ionization rates form the 
starting point for all investigations of ultimate interest. A review of the 
several energy inputs to the middle atmosphere has been given recently by 
ROSENBERG and LANZEROTTI (1979). This valuable work has examined most of the 
conventional sources of ionization due to energetic charged particles and 
electromagnetic radiation, both of transient event types and for the quasi- 
steady background. Their review considered data gathered from ground-based as 
well as spacecraft experiments and also included results of model calculations. 

Here we are concerned primarily with rocket techniques and some illustra- 
tive results as they pertain to the energy deposition by X-rays few keV to 
*v. 100 keV) in the middle atmosphere. These results are compared with other 
known sources occurring at the same time and place. The organization of the 
paper is as follows: first are discussed some basic characteristics of the 

detectors and a description of typical rocket instruments; then the penetration 
of X-rays in the terrestrial atmosphere is examined together with the methods 
of assessing the energy deposition; the paper concludes with a presentation of 
some illustrative results obtained at different latitudes as they relate to the 
importance of X-rays as a competitive source of ionization in the middle atmo- 
sphere. 


DETECTORS 


A variety of conventional instruments is available for X-ray measurements 
from rockets transiting the atmosphere as well as during overflights conducting 
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mapping surveys at high altitude. Among others, these instruments include 
ionisation chambers, Geiger counters, proportional counters, and scintillation 
and semiconductor detectors. Despite comparable efficiency and superior energy 
resolution, semiconductor detectors have not seen much use for low-energy X-ray 
measurements in the atmosphere. The major drawbacks for high purity germanium 
and lithium-drifted silicon relative to other detectors are the need for 
cryogenic support, including the preamplifier, and the cost. Two materials 
that can be operated at room temperature are cadmium telluride (CdTe) and 
mercuric iodide (Hgl.) ; they have considerable efficiency because of their 
high atomic number, but poorer energy resolution than germanium because of the 
larger energy needed to produce an electron- hole pair. 

By far, the detectors most commonly employed for rocket work have been the 
proportional counter and, increasingly in recent years, the scintillator. 

These instruments may be operated (indeed usually are) with passive and/or 
active collimation, in configurations employing coincidence/anticoincidence so 
as to reduce background and/or to identify specific events. A brief account 
follows covering some of the capabilities and limitations of these detectors, 
information needed for proper interpretation and use of the experimental re- 
sults are presented later. This abbreviated examination is far from complete, 
and the reader who is interested in further information on scintillation 
detectors and proportional counters should consult reference works such as 
BIRRS (1964) and CURRAN and VILSON(1965 ) . Also, a very readable account of 
the fundamentals and design of pulse amplifiers can be found in a series of 
articles by FAIRSTEIN and HAHN (1965. 1966). 


Proportional Counters . A cross section of a typical gas-filled 
counter is shown in Figure 1. The anode A is a small tungsten wire (< 1 mm) 
mounted coaxially with the cathode C. High tension (1200-2400 volts, depending 
upon the construction) is applied between C and A. The entrance window is 
preferable on the side, as shown, eliminating dead space. The window can be of 
mica with its inner surface thinly coated with a metal to maintain a uniform 
electrical field; alternatively, the window can be of thin beryllium. Another, 
usually larger, exit window is placed opposite the entrance, thus preventing 
those photons which pass unabsorbed through the gas from striking the thick 
cathode walls and causing spurious pulses. Since the gas-absorption path is 
small, a gas having a high absorption coefficient must be used to obtain a 
reasonable quantum- counting efficiency. Noble gases such as argon, xenon, and 
krypton at a few ten's of cm Hg pressure are common. 


The operating voltage is below the Geiger threshold so that, upon photo- 
electric conversion, the discharge is limited to the region where absorption 
occurred. The resulting charge amplification is only the order of 10 ^ so 
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Figure 1. Cross section of a proportional 
counter. X-rays are shown entering by 
a side window (W) placed in the cathode 
(C) housing. The coaxial anode (A) col- 
lector is operated at high voltage. 
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that a high-gain linear amplifier is necessary to bring the resultant pulses to 
an amplitude useful for pulse-height analysis. 

A pure gas counter has a long lifetime but suffers from the phenomenon of 
after-pulsing, causing false counts. Addition of a small amount (%10 %) of a 
quench gas (large organic molecules, such as methane) is common. Such counters 
have a useful lifetime of counts. . . 

As with the scintillator and solid-state detectors, the proportional 
counter has the advantages of good pulse-height linearity with X-ray energy and 
short pulse times (< psec) so that operation at high counting rates is 
possible. 

Table 1 lists some typical parameters for counters commercially available. 
Special designs have been implemented by numerous research groups. 


TABLE 1 

PROPORTIONAL COUNTER SPECIFICATIONS 


Window 


Typo 2 

end window 

end window 

side window 

side window 

side window 

Thickness (mg/cnj or in.) 

.002 

.002 

3-4 

.010 

.010 

Dimensions (in.) 

V4 dia. 

1/2 dia. 

.817 X .25 

1.0 dia. 

1.0 dia. 

Material 

Beryllium 

Beryllium 

Mica 

Beryllium 

Beryllium 

Wall Material 

Cr Fe 

Cr Fe 

Cr Fe 

Cr Fe 

Cr Fe 

Tube Dimensions 

Inside diameter (in.) 

1/2 

1/2 

25/32 

1 7/8 

1 7/8 

Path length (in.) 

1/2 

1/2 

13/16 

2 

2 

Max. diameter (in.) 

11/16 

11/16 

1 

2 

2 

Max. overall length (in.) 

1 7/8 

1 7/8 

4 3/8 

8 1/8 

8 1/8 

Gas filling 

Ar 

Ar 

Xe 

Kr 

Xe 

Gas pressure (cm Hg) 

12 

72 

34 

72 

72 

Operating voltage, V. (V.) 
Max. resolution (Fe-R) (%) 

1250-1500 

1250-150G 

1700-2000 

1700-2200 

1800-2400 

25 

25 

20 

18 

18 

Tube Capacitance (pF) 

3 

3 

4.5 

8 

8 

Weight (g) 

25 

25 

135 

420 

420 


Scintillation Detectors . The two elements of the detector are a 
fluorescent crystal and a photomultiplier tube (Figure 2) . The most widely 
used crystal is thallium activated sodium-iodide, [Nal(Tl)]. Sodium iodide is 
hygroscopic and must be hermetically sealed. Many other medium- to high-Z 
inorganic crystals are available, and some of these are listed, together with 
their important properties, in Table 2. As the table shows, none of these 
materials excels in light output compared to Nal. Also, there are many organic 
scintillators, both solid and liquid, but these are relatively less efficient 
than the inorganics for X-ray detection. The entrance window is commonly 
beryllium (lO. 1 mm) which will transmit X-rays down to a few keV (Figure 3). 

The quantum counting efficiency is dependent on X-ray absorption in the crystal 
(see Figure 4 and the further discussion following this section) . The 
principal fluorescent decay time in Nal is only 230 nanoseconds, so that 
linearity to high counting rates is possible. The radial sensitivity can be 
made practically constant with suitably designed systems of optical-coupling to 
the photomultiplier; thus, the size of the crystal can be chosen to implement 
rather large detectors. Also, it is possible to obtain scintillation crystals 
in a wide variety of geometric forms and thicknesses. It is essential that the 
photomultiplier have low-noise characteristics (<0.5 keV equivalent). The 
charge pulse delivered by a photomultiplier is generally larger than that from 
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Figure 2. Cross section of a scintillation 
detector. The exploded view shows the 
crystal hermetically sealed between the 
entrance and optical windows. 


TABLE 2 

PROPERTIES 0? SCINTILLATION PHOSPHORS 



Wavelength 
of Maximum 

Decay 

Constant 

Scintillation 

Cutoff 

Index of 

Density 

Hygro- 

Scintillation 

Conversion 

Material 

Emission. (nm) 

<pS) 

Wavelength (nm) 

Refraction 

(g/cc) 

scopic 

Efficiency (X) 1 

Nal(TI) 

410 

.23 

320 

1.85 . 

3.67 

Yes 

100 

CaF (Eu) 
CsItNa) 

435 

.9 

405 

1.44 

3.19 

No 

50 

420 

.63 

300 

1.84 

4.51 

Yes 

85 

CsI(TI) 

565 

1.0 

330 

1.80 

4.51 

No 

45 

Lil(Eu) 

470-485 

1.4 

450 

1.96 

4.08 

Yes 

35 

TICI(Be.I) 

465 

0.2 

390 

2.4 

7.00 

No 

2.5 

CsF 

390 

.005 

220 

1.48 

4.11 

Yes 

5 

BaF, 

325 

.63 

134 

1.49 

4.88 

No 

10 


480 

.30 

350 

2.15 

7.13 

No 

8 

426 

.24/2.5 

325 

1.71 

3.13 

Yes 

24 

CaWO 

430 

.5-20 

300 

1.92 

\ 6. 12 

No 

50 

CdUO, 

530 

.5-20 

450 

2.2 

7.90 

No 

65 

Plastics 

350-450 

.002-. 020 

Varies 

Varies 

1.06 

No 

5 

Liquids 

350-450 

.002-. 008 

Varies 

Varies 

0.86 

No 

5 


^Referenced to Nal 


a proportional counter converting the same energy; however, linear amplifiers 
having moderate gain are still required before presentation of the pulses to 
the analyzer. 

Quantum Counting Efficiency . The efficiency of a detector may be 
calculated from known absorption coefficients, Eff(E) = f^,(E) f^(E), where 
is the fraction of the incident photons of energy E transmitted by the 
window (see Figure 3) and f ig the fraction absorbed in the active portion 
of the detector. The intrinsic f, of a Nal detector is essentially equal to 
1-exp (- p(E)/L), where p(E) is the absorption coefficient and L is the thick- 
ness of the crystal. This relationship assumes that only photoelectric absorp- 
tion determines f^. Examination of Figure 4 for Nal shows that this is 
valid for 'thin' crystals, working at low energy where Compton scattering in 
the crystal detector is much less probable than photoelectric absorption. 
However, for some detector configurations, limited angular and radial sensitiv- 
ity as well as escape peaks (see following) may considerably reduce Eff, and 
should be allowed for. In any case, Eff always varies to sane extent with 
energy, falling off at high energy because of lower absorption in the active 
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Figure 3. Photon transmission through beryl- 
lium and aluminum entrance windows and a 
stainless steel housing of typical thick- 
nesses. 

volume and also at low energy because of higher absorption in the window. 

Also, there may be abrupt changes in Eff at absorption edges, for example at 
the iodine K-edge in the Nal scintillator. The energy dependence of Eff is 
shown in Figure 5 for four common detectors compared to double-coated X-ray 
film. Here one can see that the scintillation detector (1 mm thick) has the 
highest and most uniform Eff in the X-ray regime of interest for the middle 
atmosphere. Figure 6 is a similar presentation for a Ge semiconductor 
detector, yielding an efficiency comparable to a scintillator. 

Pulse Amplitude Distribution . For proportional, scintillation, and 
semiconductor detectors a principal advantage is that the pulse amplitudes are 
proportional to the X-ray energy converted in the active volume. Thus, 
electronic methods may be used not only to study the spectral content of the 
incident radiation, but also to reject unwanted signals. The inherent energy 
resolution of proportional and scintillation detectors for 5-100 keV X-rays is 
rather poor, considerably less than that attainable with semiconductor 
detectors. Consider monochromatic radiation (E) incident on the detector. 

The resulting pulse amplitude distribution is not a narrow line but rather a 
broad peak, normally characterized by its width W at half-maximum. This dis- 
tribution is the end result of a chain of probabilistic processes, beginning 
with the conversion of absorbed energy into quanta or elementary charges in the 
active volume. The ratio W/E is a measure of the energy resolution: the 

smaller the ratio the better the resolution. Well constructed proportional 
counters give W/E ^0.2 at ^6 keV, whereas equally well produced scintillators 
with a- 'good' photomultiplier tube can do no better than v0.4 at the same 
energy; however, semiconductor detectors are about an order of magnitude 
better, capable of W/Ev0.03 in the same energy range (Figures 7 and 8). 

Escape Peaks . The pulse amplitude distribution may contain two (or 
more) peaks even when monochromatic X-rays are incident. Absorption of the 
X-ray may cause fluoresence in the gas or crystal. If this radiation is 





Figure 4. Photon absorption coefficients for 
sodium-iodide. 
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Figure 5. Wavelength dependence of the quantum 
counting efficiency for a scintillation de- 
tector (1 mm thick Nal), proportional counter, 
and Geiger counter, compared to X-ray film 
(1 A = 12.4 keV). 
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reabsorbed in the active volume only one pulse, of average amplitude A, 
proportional to E is formed; thus, A = K E, where K is seme constant. The 
distribution of such pulses forms the ' photopeak' . However, if the gas or cry- 
stal has a low absorption coefficient for its own fluorescent radiation, some 
quanta, of energy e, may escape from the active volume (the actual number 
depending on the geometry, among other factors). The average amplitude of the 
pulses, thus produced is only a = K(E-e). The distribution of these pulses 
forms the ’escape peak.' For Ka emission is Hal, as an example, one has e = 
28.5 keV; thus, some incident X-rays at 33.5 keV actually appear in the 
distribution at 5.0 keV. 


Spectr"'" Unfolding . Raw experimental data seldom gives the answer to 
the problem that is the objective of the measurement. As shown in the 
preceding discussion, for example, the measured energy spectrum can never be 
a faithful replica of the source spectrum because of inherent imperfections 
associated with the detection technique (e.g. , efficiency, line shape, escape 
peaks, etc.). When the imperfections are reasonably well known, a better 
approximation to the source spectrum can be obtained by "unfolding" the 
measurements. To illustrate the most simple example, consider the case where 
the data have been purged of any contamination (e.g., noise, background, other 
extraneous signals) . Then, if JL is the result of measuring the number of 
events with energy falling in the bin, E^ to E^ + j, is related to the 
source spectrum S(E') by 


-I 


1+1 
dE 


R(E,E’) S(E’) dE’ 
o 


where R(E.E') dE is the response function of the detector, that is, the probar- 
bility that a source photon of energy E' will be recorded as having an energy 
between E and E+dE. 


The method of solution for S(E') varies from application to application; 
however, many of these methods are based on the transformation to a matrix 
equation. The integral over E' is replaced by a sum of integrals over N energy 
intervals A E . = g... - Ej, and the source spectrum is approximated by 
S(E') = Sj/aij. 1 

The result is 


M i = £ R ij S j 

j=l 
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where 


E i+1 E j+1 

R„ = (AE^)" 1 ( dE [ R ( E * E ') dE ' 

E. E. 
i 3 

Written more concisely in matrix notation, 

M = R ■ S, 

with the formal solution 
S = R" 1 - M, 

where R _1 is the inverse matrix of R. 

When the spectrum is slowly varying (as is usually the case for X-rays in 
the atmosphere), the often difficult inversion process may be avoided. One 
scheme uses an iteration method which starts with the measured spectrum as a 
first guess for the source spectrum. Thus, = M^, 

so that » with the resulting error . 

The next iteration uses S k ^ = + [M^ - M k ^], 

so that M.^ 2 ^ = • t,S v ^ . with the resulting error M. - M . ^ 2 ^ . 

1 u IK K 11 

The iteration proceeds in like manner until the error is 

acceptably small. This method often converges in a few iterations. 

In some cases, purely analytic procedures have produced equally good 
results in unfolding spectra (TSOULFANIDIS et al., 1969). 


Contamination by Energetic Electrons . Many rocket measurements 
of X-rays in the middle atmosphere have been made at high latitudes where a 
relativistic electron precipitation from the magnetosphere is common. If the 
X-ray detector is not provided with seme type of electron rejection, energetic 
electrons, which are present at altitudes as low as 50 km, will penetrate the 
entrance window and deposit varying amounts of energy in the active medium 
(e.g., scintillation crystal or absorption gas) as well as produce local 
bransstrahlung by impact on the detector and surrounding payload structure. It 
is necessary to remove such effects from the raw observations in order to 
arrive at the true X-ray flux in the atmosphere. Moreover, evaluation of the 
energetic electron flux is useful in its own right, both as an important source 
of ionization in the middle atmosphere and also as a means of obtaining 
additional data relevant to energetic magnetospheric processes. 


Taking as an example a typical detector consisting of a 1 mm (367 
mg/cm^) thick Nal(Tl) crystal fitted with a 0.005-in (23.5 mg/cm^) beryl- 
lium window, some semi-quantitative features of energetic electron penetration 
can be gained by considering Figure 9. Here are shown the residual energy 
losses in the NaJ crystal for electrons with energy 100 keV to 300 keV incident 
on the beryllium entrance window at 0°, 45°, and 60°. The energy thresholds 
for penetration are ''120 keV, f '147 keV, and ''182 keV at the incidence angles 
of 0°, 45°, and 60°, respectively. Above the threshold, the energy loss rises 
rapidly, then approaches an approximately linear relationship with incident 
electron energy until the range of the electron exceeds the combined thickness 
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ELECTRON RESPONSE CURVES 



Figure 9. Energy loss in a Nal crystal 1 mm thick 
due to electron penetration of the 0.005-in 
beryllium entrance window. 


of the window and crystal. For the combination considered here, the maximum 
energy loss is ''-650 keV for electrons of ^700 keV at normal incidence. At 
greater energies, the energy loss falls off (and the pulse height distribution 
becomes double-valued) until the region of minimum ionization (> a few MeV in 
Nal) is reached, where the energy loss due to collisions attains a broad 
minimum of about 1.14 MeV/gm/cm*. Hcwever, at these energies, radiation by 
electrons in the detector has become a significant factor, and this eventually 
becomes the dominant mechanism of energy loss at still greater energies. 

Many of the X-ray detectors in use are of the wide-angle variety, with 
acceptance cones extending to 45 ° or more. Thus, for the typical wide-angle 
detector considered here, if pulse— height discriminators are set to record 
X-rays of, say. > 5 keV and >100 keV, energy losses at these levels could 
be due to penetrating electrons with energies > 120—180 keV and £ 170—223 keV, 
respectively. In principle, more refined estimates may be extracted from the 
data by unfolding the observations with an appropriate response function, 
including both angular and energy effects, once any genuine X-ray contribution 
has been removed. In the absence of strong temporal variations in the 
radiation encountered, the presence of energetic electrons is easily recognized 
by the character of the atmospheric absorption of the radiation, as revealed in 
the altitude profiles of intensity at various energies. 

Similar estimates for other combinations of window and crystal thicknesses 
may be made using the energy-loss and range functions for beryllium and sodium- 
iodide given in Figures 10 and 11, respectively. 

ROCKET INSTRUMENTS 

Examples of proportional counter instruments which have been used for' 
X-ray measurements in the auroral zone at energies of 1-10 keV are those of 
WILSON et al. (1969) and ULWICK et al. (1967). The instrument of Wilson et 
al. employed identical, back-to-back counters of large area (''<40 cm2) 
equipped with grid collimators having narrow fields of view (•'-O.l steradians). 
Except for the entrances, the counter assembly was encased in a plastic 
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Figure 10. Collisional energy-loss and range func- 
tions for electrons in beryllium (PAGES et al., 
1972). 


SODIUM-IODIDE 
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Figure 11. Collisional energy-loss and range func- 
tions for electrons in sodium-iodide (PAGES et 
al., 1972). 
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scintillator, which was used to reduce background. This instrument was 
originally intended for astronomical studies, observing by chance on one 
occasion the X-ray emission from an auroral arc. 

Pursuing a variety of purposes, several groups have used Nal scintillation 
detectors in and above the atmosphere for X-ray measurements from rockets at 
energies ranging from a few keV to over 100 keV (AARSNES et al., 1976; BARCUS 
et al., 1979. 1981, 1984; BERING et al., 1980; GOLDBERG et al., 19 7 7. 1982. 
1983. 1984; KODAMA and OGUTI, 1976; VIJ et al.. 1975. 1980; and others). 

These instruments are quite similar in many respects, differing in one or more 
of the following features: mounting, collimation, entrance windows, size and 

thickness of the Nal crystal, provision for charged particle rejection, and the 
type and complexity of the pulse-height analysis performed. A brief descrip- 
tion of seme of these instruments will serve to illustrate their essential fea- 
tures. 


The payload used by Kodama and Oguti (Figure 12) consisted of a pair of 
Nal scintillators (25.4 mm diameter x 2 mm thickness) mounted at 45 and 135 de- 
grees with respect to the rocket axis. Attached to each was a grid-type col- 
limator providing an acceptance cone of about 17 degrees full width. The 
energy range was set for 4-40 keV energy losses by operating two threshold dis- 
criminators in anti-coincidence as shown. The experiment was intended to map 
auroral X-rays from both below and above the bremsstrahlung production layer 
(^100 km). 


ROCKET AXIS 



Figure 12. Schematic of the X-ray payload of KODAMA 
and OGUTI (1976). 


Similar experiments (Figure 13) have been carried out by other groups. 
These incorporated multichannel analyzers (four to eight energy bins) having 
millisecond resolution and used passively collimated detectors which were also 
protected against electron contamination by magnets (Figure 14). 

Greater energy resolution has been employed in the experiments of BERING 
et al. (1980) where the energy range 9.5 to 95 keV was examined by a 15-channel 
analyzer providing four spectra per second. Still greater energy resolution 
has been utilized in the system of VIJ et al. (1980) in which individual 
pulses were stretched in time and then telemetered to an analyzer on the ground 
(Figure 15a). A sample spectrum, covering the range 10-110 keV and acquired 
over a 10-second interval near 50 km, is shown in Figure 15b; the energy 
resolution achieved is about a kilovolt. The true spectrum must be mathemati- 
cally unfolded using appropriate energy-dependent efficiency and resolution 
functions. 











Figure 14. X-ray detectors equipped with broom- 
magnet protection against energetic electrons 
entering the instrument through the viewing 
aperture. 

(a) The instrument used by AARSNES et al. 
(1976). and 

(b) The instrument used by GOLDBERG et al . 
(1982). 
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Figure 15. (a) Schematic of the X-ray payload of 
VU et al. (1980), (b) Auroral X-ray energy 
spectrum (linear and logarithmic plots) obtained 
at >*50 km altitude with the instrument shown in 
(a). 
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The question of how much energy resolution is needed depends on the nature 
of the exper ime nt. For example, in the experiment of Vij et al., it was 
necessary to locate the peak of the X-ray distribution as a function of 
atmospheric depth; for this purpose, high-resolution was required and unfolding 
is justified. In contrast, for studies of the energy deposition, lew-resolu- 
tion measurements provide data which are quite adequate to yield excellent 
results. 

penetration of x-rays in the atmosphere 

The altitudes to which X-rays of a given energy will penetrate the 
atmosphere are compared with the range of electrons and protons in Figure 16. 
For X-rays, the curve gives the depth at which 50% of the initial energy in a 
vertically incident beam remains. In contrast to the continuous slowing down 
which is characteristic of charged particles, photon interactions are 
probabilistic and involve large fractional energy transfers. Thus, the height 
profiles of energy deposition for X-rays in the atmosphere are more spread out 
than those for charged particles, and the photon range is correspondingly less 
well defined. 

By way of illustration. Figure 17 shows a result obtained with the 
instrument of Kodama and Oguti (Figure 12) which was used, in part, to examine 
the absorption of bremsstrahlung X-rays in the atmosphere. The figure demon- 
strates the expectation that X-rays of a few keV are effectively absorbed in 
the upper mesosphere, whereas X-rays of a few ten's of keV will easily 
penetrate to stratospheric depths. In examining this figure, one should not be 
misled by the large increase in counting rate seen at high altitude on both up- 
and downleg passes. Since the detector was unguarded against charged 
particles, the counting rates at high altitude are probably contaminated to 
Borne extent by locally produced bremsstrahlung as well aB energetic electron 
penetration of the entrance window. 


X.A 



Figure 16. Penetration depths in the atmosphere for 
X-rays, electrons, and protons. . For X-rays, the 
curve gives the height for 50% transmission 
(adapted from ROSENBERG and LANZEROTTI. 1979). 
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Figure 17. Measurements of the absorption 
of bremsstrahlung X-rays in the atmo- 
sphere by the instrument shown in Figure 
12. The solid and open circles are for 
ascent and descent of the rocket, 
respectively (from KODAMA and OGUTI, 1976). 


Relativistic electrons are present in the high latitude atmosphere much of 
the time during significant magnetospheric activity. Whether or not they 
constitute a serious factor in affecting unguarded X-ray detectors depends on 
a number of factors involving the instrument design as well as the relative 
intensity of the lew-energy bremsstrahlung flux in comparison with that of 
relativistic electrons. Since these later factors are quite variable and in 
any case beyond the experimenter's control, it would appear prudent to always 
include in the rocket's complement of instruments some kind of energetic 
electron detector. 

That energetic electron effects can be identified easily when the rocket 
also carries an electron detector is demonstrated in Figure 18. Here are shown 
the raw counting rates of an unguarded Nal scintillator (Ch. Is 5-10 keV; Ch. 
2: 10-20 keV; Ch. 3: 20-40 keV; Ch. 4: >40 keV) together with one channel of 
a semiconductor electron detector (Sl-2: >162 keV) during the upleg portion of 
a rocket launched into post-breakup auroral activity at Andoya, Norway (69° N) 
on October 7, 1980. These were two instruments of a large complement carried 
on rockets involved in a study of the electrodynamics of the middle atmosphere 
at high latitude (MAYNARD et al., 1984). The X-ray and electron detectors 
were exposed at approximately 52 seconds after lift-off (altitude = 45 km). 
Energetic electron bursts are evident in Figure 18 at about 77 seconds (73 km), 
87 seconds (82 km), and 97 seconds (90 km). Contamination of the X-ray 
detector is seen most clearly in the integral channel, E >40 keV, and 
represents large energy losses in the Nal crystal due to electrons (E >160 keV) 
which have penetrated the entrance window. Although the differential X-ray 
channels appear relatively less affected, particularly at lower energies, the 
response in the range 5-40 keV is nevertheless seen to be significant. With 
the verification provided by the electron detector, the contamination is more 
easily identified, and the X-ray data can be corrected and gainfully used. 

Figure 19 illustrates a comparison of the height profiles of the brems- 
strahlung fluxes in the energy range 5-10 keV with nominal background rates 
encountered in the middle atmosphere at high latitudes. The auroral event 
probed by this flight was by all accounts ordinary. The figure illustrates the 
ample X-ray signal usually available, so that background corrections are 
scarcely required except at the lower altitudes. When background corrections 
are necessary, it is best to make them empirically by means of control 
measurements with the same or, in so far as possible, similar instruments and 
payload configurations (as was done for data shown in Figure 19). Relying 
solely on calculated background corrections has been known to cause a lot of 
grief and needless speculation. 

Background is principally composed of three parts: galactic X-rays from 

isotropic and discrete sources, atmospheric X-rays produced by the cosmic ray 
flux, and energy losses in the detector due to a variety of cosmic ray inter— 
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Figure 18. An example of the contamination of an un- 
protected X-ray detector by energetic electrons 
penetrating into the mesosphere at high magnetic 
latitudes. The rocket is at 73 km altitude at 77 
seconds after liftoff. Shown for the X-ray detector 
are count rates for energy losses 5-10, 10-20, 20-40, ' 
and >40 keV in Channels 1, 2, 3, and 4, respectively; 
the upper panel is a similar presentation for Channel 
Sl-2 (>162 keV) of the solid-state electron detector 
(courtesy F. Soraas, U. of Bergen). The count rate 
scales for all channels are logarithmic, each span- 
ning 10° to 10^ counts/second. 


actions in and around the instrument. The first and second contributions 
constitute an irreducible background level against which all other sources must 
be observed. The third contribution, which by no means is insignificant in 
some instruments, can be reduced by clever design and/or the application of 
active anti-coincidence techniques (PETERSON et al., 1973). For the purpose 
here, (die second and third can be taken together and will be referred to as the 
cosmic ray background. Thus, in the instrument used to make the measurements 
shown in Figure 19, the relative importance .of the sources of background for 
5-10 keV X-rays in the upper mesosphere stand in the ratio v5:l for galactic 
X-rays to cosmic rays. At the equator, where the cosmic ray contribution is 
reduced, the corresponding ratio is v20:l. At much higher photon energies the 
cosmic ray contribution begins to dominate considerations of detector back- 
ground a6 the energy spectrum for galactic X-rays falls off rapidly with 
increasing energy above v20 keV (BGLDT et al., 1969). The exact factors are 
very much instrument-dependent. 
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Figure 19. Height profile of 5-10 keV bremsstrahlung 
X-rays in the middle atmosphere measured by 33.017 
during an auroral disturbance compared to cosmic 
background sources measured by 33.016 during a 
period of geomagnetic quiet. 


ENERGY DEPOSITION BY X-RAYS 

There are basically two approaches to the problem of evaluating the energy 
deposition by X-rays in the atmosphere. One is based on the availability of 
measurements of X-rays in the atmosphere, whereas the other relies on 
theoretical computations based on assumed or, perhaps, partially known 
source functions at the top of the atmosphere. If the measurements are sparse 
or incomplete in some respect, then a combination of the methods has been used. 

The number of ion-pairs formed by a photon of energy E traversing unit 
path in air at height H is given by t (E) M(E) N(H), where x (E) is the absorp- 
tion cross section, M(E) is the ionization efficiency, and N(H) is the number 
density at height H. The number of ion-pairs formed in unit volume per unit 
time at a height H is given by 

q(H) = / / x (E) M(E) N(H) « (E, 0 , ♦, H) dE dil 

where <f(E, 6, <p, H) is the differential photon flux crossing unit area per 
second, having directions of incidence lying in unit solid angle centered about 
a direction fixed by local zenith and azimuth angles 6 and <f> . Thus, if 
<t(E, 0, <)>, H) is known by measurement, the determination of the local 
ionization produced is straightforward. Most often, however, even if measured, 
<KE, 6 , <f>, H) will have been observed only over limited portions of the 
ranges of the respective variables. In some cases this is not very damaging, 
as- for example in examining the deposition from extraterrestrial lew-energy 
sources where a knowledge of the complete angular distribution is hardly 
necessary since scattering is not very important. In other cases, involving 
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say high-energy electron bremsstrahlung which can be quite variable in space 
and time and also involves considerable energy degradation in scattering 
processes, knowledge of the angular distribution may be more essential. Figure 
20 illustrates some features of the angular distribution for widespread 
electron bremsstrahlung observed for 20-40 keV photons at ^60 km (BARCUS et 
al., 1985). In this instance, the backscattered flux is small, and the 
dominant, downward flux is nearly isotropic; thus, a reasonable estimate of the 
energy deposition can be derived from the zenith measurement alone. Nature is 
not often this accommodating, and it is frequently necessary to deal with 
results averaged over 'lumpy' distributions in space, time, angle, and energy. 

There have been numerous model- dependent calculations of the ionization 
produced in the middle atmosphere by a variety of photon sources, including 
quiescent solar EUV and X-rays, scattered Lyman a and 6, solar flare enhance- 
ments, cosmic X-rays, and bremsstrahlung X-rays from precipitating magneto- 
spheric electrons. The relative importance of any source of ionization for the 
middle atmosphere is often gauged by comparison with that due to Lyman a above 
v75 km and galactic cosmic rays below, as these are considered to be the major 
persistent contributors. Figure 21 shows the height profiles of ionization for 
these two sources for a range of latitudes and solar conditions; the different 
production rates shown for Lyman a belcw about 85 km reflect different 
assumptions about the concentration of nitric oxide. The curves also show the 
overall latitude effect for cosmic rays and the solar cycle modulation, which 
becomes particularly large at polar latitudes. 

The production and propagation of bremsstrahlung X-rays in the atmosphere 
has attracted the attention of several authors (REES, 1964; KAMIYAMA, 1966; 
BAILEY. 1968; PILKINGTON and ANGER. 1971; BERGER and SELTZER et al., 1973; 
BERGER et al., 1974; NEWKIRK et al., 1974; LUHMANN, 1976; WALT et al., 1979). 



15 ° 30 ° 45 ° 60 ° 75 ° 90 ° 105 ° 120 ° 135 ° 150 ° 165 ° 


ZENITH ANGLE (DEG) 

Figure 20. Angular distribution of bremsstrahlung X- 
rays (20-40 keV) observed at 60 km altitude. At 
lower energies, the ratio of X-ray intensities 
arriving from the zenith (0°) and nadir (180°) is 
greater, otherwise the behavior is similar (from 
BARCUS et al., 1984). 




76 



IONIZATION RATE, ION PAIRS/cm 1 - »c 


Figure 21. Altitude dependence of ionization rate due 
to galactic cosmic rays and solar Lyman a (adapted 
from ROSENBERG and LANZEROTTI, 1979). 


The problem can be stated thus: given the energy, angle, and spatial 

distribution of electrons entering the atmosphere, what is the resulting flux 
of photons $(E, 9, x, y, z)? From this result, the energy deposition 
can be evaluated as already discussed. The methods of computation have been 
quite varied, as have the specifications of the precipitating electrons and the 
treatment of photon scattering. Consequently, the results differ on certain 
details, typical of the results for energy deposition are the height profiles 
produced by Berger et al. (1974) which are reproduced in Figure 22. The 
curves, which are for widespread, isotropic electron precipitation 
characterized by different erf ol ding energies (E q ), show that for a wide range 
of precipitation energies most of the energy deposited by bremsstrahlung X-rays 
will lie between approximately 20 and 80 km. 

AIKIN and MAIER (1963) recognized that, because of the large collisional 
input by parent electrons at high altitude and the increasingly strong 
ionization by cosmic rays at low altitude, the bremsstrahlung contribution 
would likely be of importance only for a smaller range of intermediate heights 
than indicated above. Figure 23 shows their result, produced for an electron 
spectrum 1.6 x 10*2 E“5*2 electrons per cm^-sec-keV-ster. These results 
suggested that ionization by bremsstrahlung would play a significant role from 
50 to 70 km. 

SOME EXPERIMENTAL RESULTS 

Turning now to some illustrative results of recent measurements, we 
attempt to give further perspective to the relative importance for the middle 
atmosphere of energy deposition by X-rays in comparison to other sources of 
ionization. Many of these results have been taken from our own work for which 
a greater familiarity with the instruments and prevailing geophysical 
circumstances is possible. The discussion is organized by latitude, proceeding 
from high to low. 
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Figure 22. Altitude profile of energy deposition by 
electron-produced bremsstrahlung in the atmosphere 
for the case of wide-area precipitation of an elec- 
tron flux incident isotropically over the downward 
hemisphere with an exponential spectrum. Results 
are normalized to one incident electron/ cm^ (from 
BERGER et al.. 1974). 



Figure 23. Comparison between the rates of ionization 
by cosmic rays, auroral electrons, and bremsstrahlung 
for an electron spectrum represented as 1.6 x 10^2 
g-5.2 electrons per cm^-sec-keV-ster (from AIKIN 
and MAIER, 1963) . 
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High Latitude . One of the most spectacular phenomena occurring at 
high latitude is the aurora. Ever since MEREDITH et al. (1955) first showed 
that there was an associated flux of photons in the energy range 10-100 keV, 
there have been numerous attempts to assess the ionization effect of this 
radiation at and belcw ionospheric heights. Mention has already been made that 
a wide range of conditions is likely to occur. For scsne of these. X-rays 
should be an important energy source in the middle atmosphere and for others, 
not. 


Figure 24 illustrates a situation frequently observed at auroral 
latitudes. The figure shows the height profiles of ion production by simulta- 
neously measured fluxes of energetic electrons and bremsstrahlung X-rays 
compared to ionization by cosmic rays (GOLDBERG et al., 1984). The precipi- 
tating electron spectrum for this event was best described by a multi-component 
exponential form 

J(E) = A i exp(-E/E oi ) 

with the following parameters 

E(keV) A(cm - 2-sec - lkeV"l— ster - *) 

15-69 1.5 x 10(8) 

70 -80 0 2.5 x 10 ( 2) 

800-15 00 1.2 x 10(1) 

The curve labeled electrons shows the very large collisional ionization pro- 
duced by the soft component (E = 5 keV) at high altitude (H >90 km) and a 

secondary bulge of ionization at 60-80 km due to the high energy components 
(E o >150 keV) . The majority of the measured br emsstrahlung X-rays (5-40 keV) 
were produced by the soft electron component. In this instance, the ionization 
by X-rays is seen to be significant only in a rather narrow range of altitudes 
around 40-50 km. By way of contrast. Figure 25a illustrates the case where 

relativistic electrons were less of a factor, so that here low-energy X-rays 

are seen to be important over a greater range of altitudes. The opposite case 
is shown in Figure 25b, where the ionization by X-rays is practically 
negligible at all altitudes. Thus, as magnetospheric processes alter the 


E 0 (keV) 

150 

350 



Figure 24, Ionization profile for an auroral event. The 
X-ray, electron (>15 keV), cosmic ray background, and 
combined total ionization are presented (from GOLDBERG 
et al . , 1984a) . 
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a) 



b) 


Figure 25. (a) Similar to Figure 24, but illustrating an 
event in which the ionization ly bremsstrahlung X-rays 
dominates over a greater range of altitudes. Here the 
curve labeled Electrons includes only the high energy 
(E>100 keV) contribution (GOLDBERG et al., 1984a). 

(b) Similar to (a) but illustrating an event in which 
the energy deposition by bremsstrahlung is negligible 
at all altitudes (from GOLDBERG et al., 1984a). 
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intensity and spectral character of the precipitated electrons, so also is 
altered the possible heights where X-rays may be significant contributors to 
the energy input. 

Middle Latitudes . Here, energy deposition by X-rays in the middle 
atmosphere is likely to be important only for solar flare activity. The elec- 
tron precipitation normally occurring at midlatitudes is not as strong at the 
high latitudes (PAULIKAS, 1975), and the associated bremsstrahlung is 
correspondingly weak and usually not competitive with other sources. As for 
the ionization, the results of LARSEN et al. (1976), shown in Figure 26, are 
probably typical. Occasionally, intense, soft electron precipitation does 
occur at midlatitudes during great magnetic storms, so that during such 
periods X-rays can be an important source of ionization. 



Figure 26. Comparison of ion production rates over Ottawa 
(L = 3.65) computed from a satellite-measured electron 
spectrum when an isotropic pitch angle distribution is 
assumed (from LARSEN et al., 1976). 

Experiments examining the possible stimulation of energetic electron pre- 
cipitation via natural or man-made injections of very low frequency (VLF) elec- 
tromagnetic waves into the magnetosphere have produced mixed results 
(ROSENBERG et al., 1971; RYCROFT, 1973; VAMFOLA and KUCK, 1978; BERING et 
al., 1980; DOOLITTLE and CARPENTER, 1983; IMHOF et al.. 1983; GOLDBERG et 
al., 1983). The probable existence of interaction between VLF waves and 
energetic electrons in the magnetosphere by means of Doppler-shifted cyclotron 
resonance has been recognized for some time (DCWDEN, 1962; DUNGEY, 1963; BRICE, 
1963). The measurements presently in hand indicate the electron flux (>10 keV) 
effectively scattered into the loss cone is relatively small (<10^ em - 

str“l sec“l) , spatially limited, and often burst-like; thus, the attendant 
bremsstrahlung radiation, when averaged over space and time, is probably insig- 
nificant as a source of energy deposition for the middle atmosphere. More 
important, perhaps, are the possibilities for active, transient sources of 
ionization induced by ULF/VLF interactions for specific kinds of aeronomical 
studies. 

Low Latitude . Here the nighttime contribution by discrete cosmic 
X-rays in competition with scattered Lyman a and cosmic rays has been the sub- 
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ject of considerable controversy (MITRA and RAMANAMURTY, 1972 and other refer- 
ences cited therein; RIZZO PIAZZA et al., 1983). Rocket measurements at the 
magnetic equator reported by GOLDBERG et al. (1977) demonstrated an effect on 
electrical conductivity at 60-65 km altitude which was attributed to measured 
X-rays from Sco X-l. The experiment has been repeated with a number of 
improvements (GOLDBERG et al., 1985). For the X-ray measurements, the improve- 
ments included greater sensitivity, better energy resolution, and provision for 
unambiguous aspect. Among other instrumentation, NASA rockets 31.032 and 
31.033 carried two separate Nal scintillation detectors for measuring X-rays in 
the range 5-80 keV. The detectors were identical except for look directions 
and collimation. One (X-l) was mounted at 45 degrees with respect to the 
rocket axis and was fitted with a collimator whose field of view was narrow in 
azimuth but broad in zenith. This detector was exposed at lew altitude during 
upleg and its response together with the gyro output was used to identify the 
presence of discrete sources. The other (X-2), a wide angle detector, was 
mounted on-axis, looking vertically upward when the payload was deployed on a 
parachute at apogee (-\<85 km). This detector was used to make a more precise 
measurement of the X-ray spectra encountered. A schematic of the payload, in 
the configuration for parachute descent is shown in Figure 27. The portion of 
the celestial sphere scanned by 31.033, included Sco X-l, but did not for 
31.032. The latter rocket was intended as a control measurement, having been 
launched some 5.5 hours earlier on the same night. Figure 28 shows the count- 
rate vs time plots for 5-10 keV on each flight. As expected, an enhanced flux 
of X— rays was observed by 31.033. The radiation levels encountered by 31.032 
were representative of the isotropic galactic X-ray flux and cosmic ray induced 
background. The shaded region in the figure marks the enhanced flux due to 
Sco X-l. The large variations in the counting rate seen at high altitude 
(^150 seconds after lift-off) are due to variable payload orientation 
immediately following deployment. 

Figure 29 provides additional evidence that the source is Sco X-l. Shown 
here are the results of a superimposed epoch analysis of the forward (X-l) 
detector of 31.033 during upleg. These data have been binned (100 intervals of 
3.6 degrees) for each spin of the rocket (^5.4 rps) from 80 to 128 seconds in- 



Figure 27. Schematic representation of the 
XRG payload used to investigate the 
response of the equatorial middle atmo- 
sphere to Sco X— 1 (from GOLDBERG et al., 
1984b). 


GERDIEN 




5-10 keV 

DOWNLEG 


TRAJECTORY {31.032 AND 31.033) 


TIME SINCE LAUNCH (SI 

Figure 28. Time history of 5-10 keV X-ray detector count 
rates during downleg for both 31.032 and 31.033. The 
nearly identical trajectory for each flight is also 
shown. The large intensity variations centered about 
150 seconds are due to variations in the payload orien 
tations following deployment (from GOLDBERG et al., 

19 



31.033 UPLEG 


X-RAY OATA 


80- 128 S 


>5 keV 

iJ 

BACKGROUND 

■ r 


0 10 20 30 40 50 60 70 80 90 100 110 120 130140 150 160170 180 190 200 
BIN NUMBER 

Figure 29. Superposed epoch analysis of >5 keV upleg data 
(80 to 128 seconds) for 31.033. The 100 bin pattern is 
repeated for clarity (from GOLDBERG et al., 1984b), 
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to the flight. The figure shows the result for >5 keV (the pattern is repeated 
for clarity). The peak centered at bin 42 (and repeated at bin 142) demon- 
strates the existence of a discrete source, which is consistent with Sco X-l 
based on the known aspect of the rocket. No comparable source was revealed by 
similar analysis of the upleg data from 31.032 when Sco X-l was below the 
horizon. 

Evaluating the excess flux at the highest altitudes attained, it is found 
that the X-ray spectrum in the range 5-80 keV can be approximated by dN/dE = 
6.18 x lO^ E~3.56 photons/cm2-sec-keV. Using this spectrum, the ioniza- 
tion due to Sco X-l has been calculated for various zenith angles, and these 
results are shown in Figure 30. At the time of measurement, the source was at 
a zenith angle of about 20°. The consequences of this additional input of 
energy on local electrical parameters is being studied using these and other 
data acquired from the rocket experiments. 



Figure 30. Ionization curves for various zenith angles of 
Sco X-l using the X-ray data from 31.033. Each curve 
represents a one-hour separation. The measurements of 
31.033 were obtained when Sco X-l was at a zenith angle 
of 20° (from GOLDBERG et al.. 1984b). 


SUMMARY 

Scintillation phosphors are the most commonly used detector element for 
rocket measurements in the middle atmosphere of X-rays having energy the order 
of 5-100 keV. Presently, sodium-iodide is the unchallenged favorite, largely 
due to its high luminous conversion coefficient compared to all-others. At the 
lower energies, proportional counters have better energy resolution than 
scintillators, but poorer efficiency, and have been employed mainly for 
measurements in the 1-10 keV range. Semiconductors are capable of comparable 
efficiency as scintillators and much the better energy resolution. However, Ge 
and Si detectors (and their preamplifiers as well) require cooling to liquid 
nitrogen temperature, and the total systems are presently about an order of 
magnitude more expensive than scintillators, factors which no doubt have 
discouraged their use. Newer types of high-Z semiconductor detectors, such as 
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CdTe and Hg'Ij which can operate at room temperature, should see considerable 
use in the future, as large-area detectors of these materials become available. 

Energy deposition by X-rays in the middle atmosphere has been found to be 
important at all latitudes, significant sources ranging from the intense 
bremsstrahlung by magnetospheric electrons at high latitudes, to discrete 
galactic X-ray sources at low latitude where the cosmic ray ionization in the 
mesosphere is least. Solar flare X-rays are effective, although transient, 
contributors at all latitudes. Naturally occurring precipitation of 
magnetospheric electrons at midlatitude6 is common, but except during great 
magnetic storms does not lead to bremsstrahlung fluxes capable' of significant 
energy deposition in the middle atmosphere. Attempts to precipitate intense 
fluxes of magnetospheric electrons by means of wave-particle interactions 
induced by injection of very-low frequency waves have seen only modest success, 
leading thus far to an insignificant deposition of energy in the middle atmo- 
sphere by bremsstrahlung. 

Measurements have confirmed that the relatively energetic, intense brems- 
strahlung which occurs at high latitudes is capable of competing with the cos- 
mic ray ionization in the upper stratosphere. However, measurements have also 
shown that because of the persistent and effective ionization produced by 
relativistic electrons. X-rays are often less of an important factor in the 
mesosphere than believed previously. 

Within the polar cap there remain other possibilities for measurable 
energy deposition by photons in the middle atmosphere. During solar particle 
events there are two sources which could be important. First, it is well known 
that nuclear gamma-rays are produced by solar proton interactions in the ter- 
restrial atmosphere (BROWN and D’ARCY, 1959; BHAVSAR, 1962; HOEMANN and 
WINCKLER, 1963; BARCUS, 1969). Nuclear reaction cross sections for gamma-ray 
production by proton impact are highly energy dependent, being maximum around 
10 MeV for protons on 0*6 and N 1/f (RAMATY et al., 1979). Apart from the 
early phase, the solar proton spectrum is most intense at low energy; thus, 
gamma-ray production during these events takes place mainly high in the 
atmosphere at altitudes corresponding to the depth of penetration for low 
energy solar protons. Nuclear gamma-rays are typically in the MeV energy range 
and can readily penetrate to stratospheric depths. Moderate nuclear gamma-ray 
fluxes, the order of lO^/cm^-sec, can produce ionization rates comparable 
with that due to cosmic rays in the upper stratosphere. Second, solar 
electrons also have access to the polar caps (VAMFOLA, 1969; EVANS and STONE, 
1972; LANZEROTTI and MACLENNAN, 1972), and for some events have arrived with 
intensities (at >100 keV) similar to or exceeding, auroral zone precipitation. 
Collisional ionization by energetic solar electrons in the mesosphere is 
certain to be of importance, and the associated bremsstrahlung could be effec- 
tive as well. Because of the large area and time duration covered by solar 
particle events, the integrated effects of nuclear gamma-rays and electron 
bremsstrahlung in the middle atmosphere could be significant and merit further 
examination. 
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DETECTORS FOR MEASURING ENERGETIC CHARGED PARTICLES IN ROCKETS 


ABSTRACT 


F. Soraas 

Department of Phyaics 
University of Bergen 
Bergen, Norway 



The physical principles of electron and ion detection are discussed. 


A detector model is developed and different charged particle detectors are 
surveyed. It is shown how the energy and pitch angle distribution of the 
energetic particles can be measured. Examples of rocket instruments for charge 
particle measurements are shown. 


INTRODUCTION 

The hot plasma population of the magnetosphere plays a central role in the 
coupling of energy, mass and momentum within the earth's atmoBphere-ionosphere- 
magnetosphere system. The electrical energy is transferred between the 
magnetosphere and the ionosphere by field-aligned currents which are largely 
carried by the hot plasmas in the energy range from a few eV to several tens of 
keV. The direct coupling of energy from the magnetosphere to the ionosphere 
and atmosphere is dominated by the precipitation of hot plasmas caused by 
particle acceleration and wave-particle interaction. These precipitating 
particles collide with the atmospheric atoms and molecules and gradually lose 
their energy to the neutrals. 

The population of energetic charged particles in the magnetosphere is 
governed by a great number of processes. All these processes print their mark 
on this population. Thus, by examining the distribution function of the 
particles, it is possible to gain some insight on the fundamental processes 
taking place in the magnetosphere. How are the particles accelerated, where 
are their sources, and in what way are they lost? 

The role of incident electrons on creating the nighttime polar ionosphere 
is well known. In particular, it has been determined that the E-region ioniza- 
tion associated with auroral activity results from energetic (keV) electrons 
streaming into the upper atmosphere. More energetic electrons are responsible 
for ionization and excitation in the D region. The problem of computing the 
altitude profile of the ionization and excitation produced by a given energy 
distribution of the incoming electrons has been considered by many authors 
(REES 1963, BANKS et al., 1974). From the distribution function of the 
electrons the energy flux and the field-aligned current carried by the incoming 
electrons can be computed. 


Fast precipitating protons produce ionization and excitation in much the 
same way as electrons. However, because of the large mass of the protons, they 
will hardly suffer any noticeable deflections through collisions with the atmo- 
spheric atoms. Therefore, as a first approximation we assume that the angle 
between the local geomagnetic field vector and the velocity vector of the 
proton remains constant as the protons are gradually slowed down. The auroral 
protons with energies up to tens of keV will influence the upper atmosphere 
mainly in the E region. More energetic protons associated with solar flares 
can affect the atmosphere all the way down to 40 km altitude. 
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A detailed knowledge of the distribution function is thus necessary when 
we want to evaluate the effect of the precipitating particles on the ionosphere 
and upper atmosphere. 

PARTICLE DETECTION 

We will first see fyow the intensity, the energy, and pitch angle distribu- 
tion of the energetic particles can be measured and how the distribution func- 
tion can be evaluated. After this, we will show examples on rocket instruments 
for measuring charged particles. 

A detection system . A detection system can be considered to consist of 
two parts, a detector and a measuring instrument. The interaction of the 
radiation takes place in the detector. The measuring instrument takes the out- 
put of the detector and performs the functions required to accomplish the 
measurements. 

Figure 1 shows a block diagram of a typical detector system. The 
different types of detectors can be characterized by the nature of the inter- 
action of the radiation wi h the detector. Several types operate by the 
ionization which is produced in them by the charged particles. These detectors 
include ionization chambers, proportional counters, Geiger-Muller counters, 
semiconductor radiation detectors, cloud chambers, and spark chambers. In 
certain detectors, excitation and sometimes molecular dissociation also play 
important roles. These phenomena, in combination with ionization, produce the 
luminescence involved in scintillation detectors and the latent images in 
photographic emulsions. 



Figure 1., Block diagram of a typical 
detector system. 


The operation of any radiation detector depends on the manner in which the 
radiation to be detected interacts with the material of the detector itself. 

An understanding of the response of a specific type of detector must therefore 
be based on the fundamental mechanisms by which radiations interact and lose 
their energy in matter. 

Interaction of heavy charged particles . Heavy charged particles, protons 
and heavier particles, interact with matter primarily through coulomb forces 
between their positive charge and the negative charge of the orbital electrons 
within the absorber atoms. Upon entering any absorbing medium, the charged 
particle immediately interacts with many electrons. The electron in the 
absorbing medium feels an impulse from the attractive coulomb force. This 
impulse may be sufficient to either raise the electron to a higher lying shell 
within the absorber atom (excitation) or to completely remove the electron from 
the atom (ionization). The energy that is transferred to the electron must 
come at the expense of the charged particle penetrating the medium, and its 
velocity is therefore decreased. 


6 
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The paths taken by heavy charged particles in their slowing down process 
tend to be quite straight because the particle is not greatly deflected by 
any one encounter. Heavy charged particles are therefore characterized by a 
definite range in a given absorber material. The range represents a distance 
beyond which no particles will penetrate. 

The products of these collisions in the absorber are either excited atoms 
or ion pairs. Each ion pair is made up of a free electron and a positive ion, 
which may be used as the basis of detector response. 

Interaction of fast electrons . When compared with heavy charged parti- 
cles, fast electrons lose energy at a lower rate and follow a much more compli- 
cated path through absorbing materials. Large deviations in the electron path 
are possible because the fast electron mass is equal to that of the orbital 
electrons in the absorbing atoms, and a much larger fraction of its energy can 
be lost in a single collision. This means that there is a large spread in the 
range of electrons in an absorber. Even small values of the absorber thickness 
lead to the loss of seme electrons from the detected beam because scattering of 
the electron effectively removes it from the flux striking the detector. 

The fact that electrons often undergo large-angle deflections along their 
track leads to the phenomenon of backs cattering. An electron entering one sur- 
face of an absorber may undergo sufficient deflection so that it leaves the 
absorber from the same surface through which it entered. These backscattered 
electrons do not deposit all of their energy in the absorbing medium. Elec- 
trons that backscatter in the detector "window" or dead layer will escape 
detection entirely. 

A detector model . We begin with a simplified detector which is subject 
to some type of radiation. In order for the detector to respond at all, the 
radiation must undergo interaction through one of the mechanisms mentioned. 

The net result of the radiation interaction in a wide category of 
detectors is the appearance of a given amount of electric charge Q within the 
detector active volume. This charge must be collected to form the basic 
electrical signal. Typically, collection of the charge is accomplished through 
an electric field within the detector which causes the positive and negative 
charges created by the radiation to flow in opposite directions. The time 
required to fully collect the charge varies greatly from one detector to 
another. For example, in ion chambers the collection time can be as long as a 
few milliseconds, whereas in semiconductor diode detectors the time is a few 
nanoseconds. These times reflect both the mobility of the charge carriers 
within the detector active volume and the average distance which must be 
traveled before arrival at the collection electrodes. 

SURVEY OF DETECTOR TYPES 

Gas-filled detectors . Three of the oldest but still very useful radia- 
tion-detector types are the ionization chamber, the proportional counter, and 
the Geiger-Muller (G-M) tube. Each of these detector types employs gas-filled 
chambers. The difference in the three systems can be explained through the use 
of Figure 2. We will discuss this system in some detail as a basis for other 
detection systems. The system shown consists of a gas-filled chamber with a 
central electrode insulated from the chamber walls. A voltage is applied 
between the wall and the central electrode through the resistor R shunted by 
the capacitor C. 

Assume that the passage of an ionizing particle releases N. ion pairs 
within the chamber. The positive and negative charges within the chamber move 
teward the chamber wall and central electrode, respectively, because of the 
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Figure 2. Gas-filled chamber. Used to 
explain the operation of different 
detectors. 


direction of the electric field. The charge Q appearing on the capacitor per 
particle as a function of V is given by curve 1 (2 MeV) in Figure 3. For a 
particle producing a larger number of ion pairs curve 2 (3 MeV) is 
obtained. 

These curves can be divided into four main regions depending on the 
applied voltage. In region I, there is a competition between the loss of ion 
pairs by recombination and the removal of charge by collection on the elec- 
trodes. With increasing field the drift velocity of the ions increases; there- 
fore, the time available for recombination decreases, and the fraction of the 
charge which is collected becomes larger. It is not suitable to operate a 
detector in region I. 

In region II, the recombination loss is negligible, and the charge 
collected is 

Ql = e and Q 2 = N 2 ’ e 

N N„ 

... le , 2e 

AV 1 = — 3nd AV 2 = “c~ 

This region is referred to as the saturation region or the ionization- 
chamber region. The charge Q collected by the detector is proportional to the 
number of electron-ion pairs created in the absorbing medium. 

In region III, the collected charge is increased by a factor M through gas 
multiplication. The electrons which are released in the primary ionization are 
accelerated sufficiently to produce additional ionization and thus add to the 



Figure 3. Charge Q appearing on the 
capacitor per particle as a func- 
tion of voltage. 


Applied voltage 
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collected charge. At the onset of region III, the multiplication M for a given 
applied voltage is independent of the initial ionization, thus preserving the 
proportionality of pulse sizes. This strict proportionality breaks down with 
increase in applied voltage until, at the upper limit of region III, the pulse 
size is independent of the initial ionization. Thi6 region, in which gas 
multiplication is employed while at the same time a dependence of the collected 
charge on the initial ionization remains, is known commonly as the proportional 
region. 

In region IV, the charge collected is independent of the ionization. 

Ionization-chamber detectors . An ionization-chamber detector can take 
many forms. However, a typical form consists of a cylindrical, conducting 
chamber containing a central conducting electrode located on the axis of the 
chamber and insulated from it, as in Figure 2. The proper voltage is main- 
tained between the wall of the chamber and the central electrode to operate it 
in region II of Figure 3. 

Ionization chambers are used to seme extent for detection of all types of 
particles. An example of pulse-type operation is the measurement of the speci- 
fic ionization and energy of highly ionizing particles such as alpha particles. 
In this application, the ionization-chamber detector is used in conjunction 
with electronic equipment for pulse-height analysis. In mean-level operation 
either the current is measured, yielding a quantity proportional to the rate of 
arrival of charged particles, or the charge released in the chamber over a time 
is determined, yielding a quantity related to the total radiation incident on 
the chamber during the period of the measurement. 

Semiconductor radiation detectors . There is a very important type of 
detector that is commonly referred to as the semiconductor radiation detector, 
after the fact that it is the properties of semiconductor materials that make 
these detectors possible. This detector can also be thought of operating in 
region II of Figure 3. 

In its simplest analogy, the surface barrier detector is an ionization 
chamber where the usual gas has been replaced by a semiconducting solid, here 
being silicon. When a charged particle enters the detector, it creates free 
electron-hole pairs by loosing energy at a rate of 3.6 electron volts per 
electron-hole pair. This rate of charge carrier formation has been found to be 
independent of energy and ionization density over a very wide range of particle 
energies. Therefore, the detector response is linear with energy over a very 
wide range, provided the sensitive depth of the detector exceeds the range of 
the particle, and provided also that the electric field in the sensitive region 
is sufficiently large to separate the charge carriers before they recombine. 


Among the advantages of the semiconductor detectors are the following: 

a. For a given amount of energy lost by the ionizing particle, approx- . 

imately 10 times as many free charge carriers are created in 
silicon as compared with gas, thus improving the counting 
statistics. 

b. Since both the electrons and holes are very mobile and collection 
distances are short, it is possible to achieve relatively short 
collection times (of the order of a few nanoseconds). 

c. Also, they possess small size, low bias voltage, and negligible 
power consumption. 

The most severe limiting factor for rocket applications of semiconductor 
detectors is their sensitivity to direct sunlight. 



93 


In Figure 4. an instrument schematic (4a) and .the energy response of a 300 
um thick detector (4b) are shown. The detector response is linear for protons 
with energies less than 5.6 MeV, for a-particles less than 22 MeV, and for 
electrons with energies less than 300 keV. For particles above these energies 
the output pulse will decrease with increasing particle energy. The probabil- 
ity of X-ray interaction in silicon is quite low due to the low atomic number 
Z = 14. 

The semiconductor radiation detector is very important for pulse-type 
operation and is rapidly becoming the most versatile type of ionization- 
radiation detector. 


SOLID STATE DETECTOR 




a) 


b) 


Figure 4. (a) Solid-state detector, (b) Detector response for a, 
protons and electrons. 


Proportional counters . In proportional counters the voltage applied 
between the collector electrode and the chamber wall is such that the detector 
is operated in region III of Figure 3. Gas-multiplication factors as high as 
105 or 1C>6 are sometimes employed. The most common applications of propor- 
tional counters employ pulse type operation. Use is made of the fact that a 
gain in pulse size is achieved while the dependence of pulse size on the 
primary ionization is preserved. 

Scintillation detectors . When ionizing particles pass through certain 
substances, ionized and/or excited states are produced which, during the return 
to the normal states, produce light emission or scintillations. In the modem 
scintillation detector, this light is normally picked up by a photomultiplier 
tube, and the resulting pulse of current out of the photomultiplier indicates 
the passage of the ionizing particles through the scintillator. Under proper 
conditions, the resulting charge is proportional to the energy lost ty the 
ionizing particle in the crystals. Thus, as in the cases of the proportional 
counter and the pulse ionization chamber, this detector can be used to measure 
the energy distribution of particles in addition to counting them. 

The widespread use of scintillation counting in radiation detection and 
spectroscopy depends on a device to convert the extremely weak light output of 
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a scintillation pulse into a corresponding electrical signal. The photo- 
multiplier (PM) tube accomplishes this task converting light signals that 
typically consist of no more than a few hundred photons into a usable current 
pulse without adding a large amount of random noise to the signal. Most 
photomultipliers perform this charge amplification in a very linear manner, 
producing an output pulse that remains proportional to the number of original 
photoelectrons. 

Electron channel multipliers . Another type of specialized electron 
multiplier is the continuous channel, illustrated in Figure 5. This device is 
extremely simple, consisting of a hollow glass tube whose inner surface acts 
as a secondary electron emitter. A potential difference is applied across the 
length of the tube, thereby attracting electrons from the entrance end to the 
exit end. Electrons entering the tube will eventually strike the wall giving 
rise to a pulse of secondary electrons. These will be further accelerated 
along the length of the tube until they, in turn, also strike the wall giving 
rise to further secondaries. The device acts much like a photomultiplier tube 
with continuous dynodes available along its entire length. The number of 
times an entering electron and its subsequent secondary strike the wall is an 
accident of past orientation and individual trajectories, and will vary 
considerably for different entering electrons. When operated at high voltages, 
the electron gain may be large enough so that the resulting space charge near 
the exit of the channel limits the total charge per pulse to about 1C)6 or 
lO? electrons at saturation. 



Figure 5. Electron multiplier. 


Channel multipliers must be shaped to prevent feedback problems that can 
arise when positive ions occasionally formed within the channel are accelerated 
in the reverse direction from the electrons. By forming the channel as a 
curve, these ions can be made to strike a wall before their energy is high 
enough to create secondary electrons. 

Clusters of many thousands of tubes can be fabricated to form a "micro- 
channel plate". Each channel is of very small diameter (typically 15-50 pm), 
and act6 as an independent electron multiplier. 

Geiger-Muller tubes . Gas- type detectors operating in region IV of Figure 
3 are known as Geiger-Muller (G-M) tubes. These detectors can be used for 
counting any type of radiation which will produce ionization within the tube, 
no matter how small the amount of ionization. The G-M tube is widely used for 
counting electrons, gamma rays, and X-rays. It is ideally suited for these 
radiations since their small specific ionization makes them hard to detect 
otherwise. Alpha particles and highly ionizing particles are sometimes detected 
by G-M tubes. However, because of the short range of these particles, either 
tubea with thin windows are required or the source of radiation must be placed 
inside the tube. Because the pulse sizes in the G-M tube are independent of 
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the primary ionization, this factor cannot be used as a measure of particle 
energy, nor is it possible to discriminate between different types of particles 
by means of the sensitivity of the electronic circuit. 

INSTRUMENTATION 

Before discussing the instrumentations using the different types of radia- 
tion detectors, we will first outline some general properties which apply to 
all types of detectors: such as efficiency, energy resolution, maximum count 

rate, etc. 

Pulse height spectra . When operating a radiation detector in region II 
and III of Figure 3, each individual pulse amplitude carries important 
information about the recorded particle. If we examine a large number of such 
pulses coming from a detector, their amplitudes will cot all be the same. 
Variations may be due either to differences in the radiation energy or to 
fluctuations in the response of the detector to monoenergetic radiation. The 
pulse amplitude distribution is a fundamental property of the detector output 
which is used to deduce information about the incident radiation or the opera- 
tion of the detector itself. 

The most common way of displaying pulse amplitude information is through 
the differential pulse height distribution. Figure 6 gives a pulse height dis- 
tribution. The abscissa is a linear pulse amplitude scale which runs from zero 
to a value larger than the amplitude of any pulse observed from the source. 

The ordinate is the differential number dN of pulses observed with an amplitude 
within the differential amplitude increment dH, divided by that increment, or 
dN/dH. 



Figure 6. Differential pulse height 
distribution. 


Statistics of detection systems . The measurement of charged particles 
involves phenomena which are statistical in nature. The understanding of these 
statistical effects is important both from the standpoint of the design of 
experiments and in the interpretation of the results. By use of statistical 
analysis, estimates can be made of the accuracy of the measurements, and proce- 
dures can be devised which will minimize errors due to the random nature of the 
process. In addition, the apparatus can be tested for fluctuation due to 
causes other than statistical by comparison of the actual distribution in mea- 
surements with that predicted by statistical law. 

Particle distributions . So far, we have been concerned with observations 
of energetic charged particles. We can measure their energy, their count rate, 
their time of arrival and their intensity in a specific direction of space. In 
order to develop the subject in a more quantitative fashion, one has to intro- 
duce the concept of directional flux. The count rate of a particle detector 
is given by „ 

n(E) j (E, e) • dE • dQ 


R = G 


o 
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where G is the energy of the particle being detected and dQ is the solid angle 
covered by the detector in a direction 6 with the magnetic field. Furthermore, 
G is the geometric factor and n(E) is the detection efficiency. 

A radiation detector will give rise to an output pulse for each charged 
particle which interacts with it. The interaction will take place i mme diately 
upon entry of the particle into the active volume. The particle need only 
travel a sufficient distance so that the resulting pulse is large enough to be 
seen above the noise in the detector system for the event to be recorded. 

Under these conditions the detector is said to have a counting efficiency of 
100 per cent. Particles with so low an energy that they tend to be buried in 
the noise will not be counted with 100 per cent efficiency. For sufficiently 
low energies the efficiency will drop to zero, as can also be the case for 
particles with very high energies. The latter can pass through the detector as 
a minimum ionization particle leaving too little energy in the detector for the 
signal to be detected above the noise level. As a result, the detector is able 
to record particles in a specific energy band with a varying efficiency. 

We define j (E, P) for a given class of particles and energy as the 
number of particles coming from a given direction per unit time, unit solid 
angle in direction 6, and unit energy, on a surface of unit area oriented 
perpendicularly to their direction of incidence. Then 

dN = j (E, 9) dS • dQ • dE dt 

dN is the number of particles impinging on the area dS during the time dt. The 
particles have energies in the interval E to E + dE and their direction of 
incidence lies in the solid angle dQ. 

In practice, every detector must have a finite active area, be sensitive 
to particles in a given energy range and cover a finite solid angle. 


We will new define some often useful quantities concerning particle mea- 
surements. The omnidirectional flux J is defined by 


J (E) = 


j (E. 0) dQ 

4ir 


This represents the total number of particles coming from all directions per 
unit time onto a sphere of unit area cross section. The quantities 

oo 


3 (>B. 9 ) 


E 


j (E. 0 ) dE 


and 


J ( >E) = 


J (E) dE 


are called, respectively, directional and omnidirectional integral fluxes. An 
isotropic flux is one for which the number of incoming particles is independent 
of the direction. 


ROCKET INSTRUMENTATION 

To obtain complete experimental information about the precipitation of 
energetic particles into the atmosphere, it is necessary to determine 
j (E, 0, t), the directional particle flux, E the particle energy, 0 the pitch 
angle between the particle trajectory and the local geomagnetic field vector 
and t the time. 
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Information about the distribution function of the particles in the 100 eV 
to 30 keV range can best be obtained by using channel electron multipliers as 
particle detectors. Information about the distribution function of particles 
above this energy range is best obtained by solid-state detectors. In the low 
energy range, information about the energy distribution of the particles is 
obtained by electrostatic analyzers and in the high energy range by analyzing 
the amount of charge liberated in the solid-state detector by the incoming 
particle. A collimator is used to define the angular range analyzed. It can 
be equipped with a grid having a lew voltage in order to get rid of unwanted 
particles in the thermal energy range. A detector using an electrostatic 
analyzer covers a fairly narrow angular range. A wider angle range can be 
covered by means of the payload spin and through the use of several detectors. 

A solid-state detector can cover a larger angular width as it is not limited by 
the acceptance angle of the electrostatic analyzer. In this case, the particle 
intensity is averaged over the angular width of the detector. It is typical of 
experiments on sounding rockets to have high time resolution and therefore a 
high spatial resolution. Figure 7 shows the pitch angle scan of a detector 
mounted an angle a with the rocket axis during a rocket spin-period. The 
angle between the rocket axis and the magnetic field is 0. 



Rocket Poylood 


Figure 7. The dependence of the detector pitch angle scan on the 
angle between the magnetic field and the rocket axis (6) and 
the angle between the detector looking direction and the 
rocket axis (a) . 


Instruments using electrostatic analyzers must sweep the voltage on the 
analyzer plates fast in order to get good time and energy resolution. This is 
necessary in order to identify microstructures or to obtain accurate altitude 
resolution. The technique for energy determination in the solid-state detector 
makes it normally possible to obtain higher time resolution with thi6 kind of 
detector. 

In the next section, we describe some typical rocket instruments for mea- 
suring electrons and positive ions in the energy range less than a keV to sev- 
eral hundred keV. 
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An electron-ion spectrometer using channel electron multipliers . The 
particle experiment described' here is designed to achieve good energy and 
angular resolution, with fast time resolution for the measurement of both 
particle species (electrons and protons). These requirements are met by a 
spherical electrostatic analyzer systan followed by continuous channel electron 
multipliers. The block diagram in Figure 8 shows the design of the experiment 
for measuring electrons with three sensors mounted at 30°, 90°, and 150° with 
respect to the payload axis, with the high voltage power supplies for the 
acceleration potential of the electron multipliers and for the analyzer deflec- 
tion voltage. Furthermore, it shows the interface to the telemetry encoder 
containing the measurement mode control unit and the pulse counters which re- 
ceive the uniform pulses from the preamplifiers located at the sensor boxes. 



SENSOR HIGH VOLTAGE INTERFACE 
POWER 


AN 

Energy analyzer 

CEM 

Channel electron multiplier 

AN-HV ... 

Analyzer-high voltage 

CEM-HV. . . 

Multiplier-high voltage 

CT 

Counter (12 bit) 

CU 

Control program unit 

CP 

Control pulses 

SH-RE ... 

Shift registers 

SI 

Steps indicator 

SP 

Shift pulses 

SD 

Science data 

TEL 

Telemetry 


Figure 8. Block diagram of an electron-ion spectrometer. 


Table 1 describes characteristics of the instrument. The instrument is capable 
of measuring both particle species, electrons or protons, dependent on the 
polarity of the deflection plates. The measurements of proton fluxes which are 
usually one order of magnitude lcwer than the electron flux intensities, 
required analyzer deflection plates with a large geometric factor. When apply- 
ing them to measure electrons it has the advantage of a wide dynamical range. 
For a full description of this instrument, see URBAN (1981). 

An instrument for measuring electrons and protons with energies above 20 
keV . Figure 9 shows a block diagram of a typical solid-state detector instru- 
ment as employed by the University of Bergen. One detector counts protons and 
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Table 1: Characteristics of the electron-ion spectrometer 


Energy range E 

keV 

0.1 to 25 

Resolution &E/E 

% 

7.5 

Geometric factor G 

cm2 sr 

4 x 10"3 

Sampling time 

ms 

32 

Time for one spectrum 

ms 

57 6 

Maximum count rates 

Cts S~1 

2.5 x 10 5 

Pitch angle resolution 
at 2.6 Hz payload spin 

deg 

7.4° 

Telemetry capacity 
for one sensor 

kbit s~l 

0.73 



6 eft. counter/ register 

6c h Puts* hnght analyzer »2ch overflow 



} Addresses from 
PCM encoder 

Analog housekeeping 
data to T * 


Interface / 
Housekeeping 


Block diogrom for SSO experiment 


Figure 9. Block diagram for an instrument measuring electrons 
and protons above 20 keV. 


the other detector counts electrons. The experiment is built on a module sys- 
tem in order to make integration and replacement easier. Mechanically the 
instrument consists of three units: 1) the proton sensor, 2) the electron 

sensor, and 3) the logical unit. 

The electron sensor and the proton sensor are identical except for a broom 
magnet that is mounted in the collimator of the proton sensor to exclude elec- 
trons below a few hundred keV. The proton sensor will thus only count protons 
and heavier particles, whereas the electron detector will, in addition to 
these, count electrons. 

The two detectors are mounted parallel with each other, thus they are at 
all times measuring particles which have the same direction in space. It is 
thus possible to correct the electron counts for the proton contribution by 
subtracting the counts observed in the proton detector making due corrections 
for the different geometric factors. 






The sensor unit contains a solid-state surface barrier detector, a charge 
sensitive preamplifier, and a voltage amplifier. The detector and the 
amplifiers are built close together and well shielded in a compact unit. This 
gives good signal-to-noise ratio and high immunity against pick-up noise. The 
output impedsnce is lew and the sensor unit can be separated from the logical 
unit containing the pulse-height analyzer and all additional electronics. This 
makes, the integration of the rocket payload easier. 

Particles entering the detector give rise to small pulses that are ampli- 
fied by a charge sensitive preamplifier. The pulse amplitude is proportional 
to the energy absorbed in the detector. From the charge sensitive amplifier 
the pulses are fed to the pulse height analyzer, having 6 differential energy 
levels. On each energy level, the sampling time is chosen to be 8 ms, thus, a 
six point energy spectrum for both electrons and protons can be obtained every 
8 ms. 

The pulses from the discriminators are fed to a 6-channel count er/regis- 
ter. The two highest energy channels have 8-bit registers while the four low- 
est channels have 12-bit registers. The data are transferred to the rocket 
telemetry system via a 16:1 multiplexer. The interface and housekeeping data 
are also mixed into the telemetry stream. 

Finally, Figure 10 shows a schematic for a typical PCM-format on a rocket. 
Only those words used by the particle experiment are shown. The electron and 
proton data are transmitted in words 64 and 65. The format consists of 32 
frames so that the information sent from the experiment repeats 4 times during 
a format. Frames 6 and 7 are used to send the four most significant bits for 
the four lewest energy channels. In word 4, the data from the rocket aspect 
magnetometer is transmitted. This information is needed when one wants to ob- 
tain the pitch angle distribution of the measured particles. 




Eks. PCM-format 6 8Words - 3 2 Frames 8 bits /word 


Figure 10. A typical telemetry format for a rocket payload. 
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ABSTRACT 

Experimental methods employed in middle atmosphere rocket-borne ion mass 
spectrometry are reviewed with an emphasis on recent developments. Interest is 
also focussed on milestones in instrumental developments and related progress 
in the exploration of the middle atmosphere ionized component. Attention is 
also drawn to interesting applications of in situ ion composition measure- 
ments in the middle atmosphere, particularly the detection of neutral trace 
gases and microaerosols using passive chemical ionization mass spectrometry. 

Finally, future trends in rocket-borne ion mass spectrometry are assessed. 

1, INTRODUCTION 

The aim of this chapter is to review rocket-borne ion mass spectrometry in 
the middle atmosphere with particular emphasis on experimental methods, 
pioneering experiments, and recent developments. Results of ion composition 
measurements are discussed mostly for illustrative purposes and the interest is 
focussed on milestones in the exploration of the middle atmosphere's ionized 
component. 

Ion mass spectrometry has played and is still playing an important role in 
middle atmosphere research. It greatly contributes to the exploration of 
atmospheric ions and their chemistry and still represents the only method which 
allows identification of the chemical nature of atmospheric ions. However, ion 
mass spectrometry yields new and interesting information not only on ions, but 
also on electrically charged microaerosols or microclusters and, perhaps most 
important, also on neutral trace gases. Certain neutral trace gases, which 
react with atmospheric ions, can be inferred from the measured ion composition. 

The strength of this indirect method, termed passive chemical ionization mass 
spectrometry (PACIMS) , lies in its enormous sensitivity being due to the high 
efficiency on ion-molecule reactions. This results from the long-range charge- 
dipole or charge-induced dipole attraction. In favorable cases, PACIMS may 
reach a detection limit of only 100 molecules or atoms per cm3. Various 
neutral trace gas species have been detected by PACIMS in the middle 
atmosphere, which has markedly contributed to our understanding of trace gcs 
cycles and budgets in this part of the atmosphere. A most striking example is 
the detection of sulfuric acid vapor in the stratosphere by PACIMS (ARNOLD and 
HENSCHEN, 1978; ARNOLD and FABIAN, 1980). This trace gas gives rise to the 
formation of the stratospheric aerosol layer, which at least temporarily influ- 
ences the earth's radiation budget, and thereby has an impact on climate. 

Other interesting examples for PACIMS are the detection of meteoric metal atoms 
(NARCISI and BAILEY, 1965) and of chlorine (ARNOLD et al., 1971) which catalyt- 
ically destroys stratospheric ozone. 

Ion mass spectrometers for atmospheric studies were originally used in the 
upper atmosphere at altitudes far above 100 km, where the gas pressure is 
sufficiently low (lower than 0.0001 torr) to allow a mass spectrometer to be 
operated without additional pimping. Upon re-entry into the denser atmospheric 
layers, such unpumped rocket-borne ion mass spectrometers yielded the first ion 
mass spectra of the uppermost part of the middle atmosphere. 
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Further progress, however, had to await the advent of pumped mass spectro- 
meters which could be operated at the high gas pressures prevailing in the 
middle atmosphere. Thus, middle atmosphere ion mass spectrometry was largely 
dependent on progress in pump technology and also on high sensitivity ion 
detection systems which make mass spectrometers sufficiently sensitive to 
detection at very low total ion concentrations, with 100-10,000 cm - 3 being 
typical of most parts of the middle atmosphere. 

The first ion mass spectrometer equipped with a compact high speed 
cryopump was built by the group of Narcisi at the AFGL (Air Force Geophysics 
Laboratory; formerly Air Force Cambridge Research Laboratory) and successfully 
flown on a rocket on October 31, 1963 (NARCISI et al., 1965). This pioneering 
experiment opened a new area of atmospheric research. In the meantime, various 
research groups including those at NASA Goddard Space Flight Center, Greenbelt, 
Maryland (NASA), at the Max-Planck-Institut for Kernphysik, Heidelberg (MPIK) , 
and at the University of Bern (UB) joined the AFGL group in this difficult 
field of research and contributed to make rocket-borne ion mass spectrometry a 
vivid and productive area of research up to the present time. 

More recently, sampling of middle atmospheric ions was greatly extended by 
balloon (ARNOLD et al., 1978; ARIJS et al . , 1979), aircraft (HEIIMANN and 
ARNOLD, 1983), and most recently also by parachute-borne drop-sonde ion mass 
spectrometry (PFEILSTICKER and ARNOLD, 1984). Thus, atmospheric ion mass 
spectrometry now covers the entire range of the middle atmosphere (10-100 km) 
and even major parts of the troposphere (Figure 1). These recent extensions 
have revealed new aspects and possibilities of atmospheric ion research, some 
of them also stimulating new interest in the upper parts of the middle atmo- 
sphere, which can be probed only by using rocket-borne ion mass spectrometers. 

A striking manifestation of this renewed interest is the development of a novel 
parachute-borne drop-sonde mass spectrometer payload which is carried by a 
single-stage rocket to 60-70 km. Recently, this "dropmas" payload was flown 
for the first time by the MPIK group (PFEILSTICKER and ARNOLD, 1984) with great 
success. 



Figure 1. Schematic representation of the atmospheric 
ionized component. 
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In view of the renewed interest in rocket-borne ion mass spectrometry, it 
seems appropriate to review the present status of this field, the aim of this 
chapter. Earlier, reviews of middle atmospheric ion mass spectrometry include 
NARC1SI (1973), ARNOLD and KRANKOWSKY (1977). and ARNOLD (1980). 

2. EXPERIMENTAL METHOD 

2.1 General Operating Principles 

Experimental conditions dictating the design of a rocket-borne ion mass 
spectrometer for middle atmosphere studies are mainly the relatively low total 
ion concentrations (100-10,000 cm _ 3, see Figure 1), high gas pressure 
(0.0002-200 torr) and the specific circumstances of a rocket flight, particu- 
larly high velocity, high acceleration, and orientation. 

Since the atmospheric gas pressure largely exceeds the critical pressure 
(about 0.0001 torr) in which a mass spectrometer can be operated, additional 
pumping is required. At gas pressures above the critical value a mass spectro- 
meter starts to suffer for several reasons. First of all, ions undergo 
scattering by gas molecules which gives rise not only to a loss of transmission 
and thereby sensitivity for ion detection, but also leads to ion fractionation. 
The latter is due to the fact that ions with different size have different col- 
lision cross sections and thus, undergo scattering with different efficiency. 
Scattering may also lead to a degradation of mass peak shape and mass 
resolution. Taking a typical ion path length inside the mass analyzer of 10 cm 
(approximate size of the mass analyzer) and a typical collision cross section 
of 4x10-15 cm2, it turns out that for a gas pressure of 3x10“^ torr, 50 
percent of the ions entering the analyzer have already suffered from colli- 
sions. 


Another important effect of a high gas pressure inside the instrument is 
perturbation of the multiplier used for ion detection. The maximum pressure 
which can be tolerated depends on the type of multiplier and on the mode of 
operation of the multiplier used. Today, usually channel electron multipliers 
(CEM) are used which have maximum operational pressures of about 0.0001 torr. 

At higher pressures, ion-feedback occurs resulting in degradation of the inner 
CEM surface and other perturbations. 

Therefore, only pumped ion mass spectrometers work properly under middle 
atmospheric conditions. A middle atmosphere ion mass spectrometer consists of 
three major elanents, a mass analyzer (MS), an ion detection system (usually a 
CEM) and a pump (P), which are housed in a vacuum tank (Figure 2). Ions and 
atmospheric gases enter the instrument through a small inlet hole, which is 
drilled into an electrically insulated sampling or draw-in electrode. The size 
of the inlet hole which controls the flux of ions and neutrals into the 
instrument is dictated by the pumping efficiency and the ambient atmospheric 
gas pressure. Since the sensitivity for ion detection is approximately 
proportional to the incoming ion flux, the size of the inlet hole should 
ideally be as large as possible, which means large enough to have a gas 
pressure of 0.0001 torr inside the instrument. However, in practice this is 
not possible since the ambient atmospheric gas pressure varies strongly with 
altitude while the speed of the pump remains essentially constant. This 
requires a compromise for the choice of the size of the inlet hole, depending 
on the altitude range and corresponding range of ambient pressures to be 
probed. 

The most critical requirement is a pump with a speed as large as possible 
which immediately leads to sorption and condensation pumps. These are the most 
efficient pumps for short term applications, they do not require electric power 
nor sophisticated mechanisms which would likely be affected by the enormous 
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a) ION MASS SPECTROMETER 


b) NEUTRAL MASS SPECTROMETER 


Figure 2. Schematic representation of a rocket-borne 
ion mass spectrometer for middle atmosphere studies. 


mechanical stress during rocket-motor operation (acceleration up to 40-60 G de- , 
pending on the type of rocket), and they can be built rather compactly. Among 
the sorption pumps, cryopumps are most efficient but also most delicate to 
handle. Such pumps, despite their small size required, may provide pumping 
speeds of the order of 1000 1 s - l which allows one to use an inlet hole dia- 
meter of about 0.1 cm at 70-80 km. Various types of sorption pumps including 
titanium sublimation and sorption pumps and cryopumps with liquid 
nitrogen-cooled zeolithe, and liquid helium- and liquid neon-cooled metal 
surfaces have been used, as will be discussed in the following section. 

In fact, progress in the area of small and compact cryopumps has, to a large 
extent, determined the advance of rocket-borne ion mass spectrometry. 

Of great importance for the operation of a middle atmospheric ion mass 
spectrometer, is the focussing and injection of ions into the mass analyzer. 
After entering through the inlet hole, the ions are carried by the gas jet 
which forms behind the inlet hole. If no electric fields are present, the ion 
density distribution resembles the distribution of gas molecules in the jet, 
implying a dramatic reduction of the ion flux density along the jet axis. In 
this case, only a minor fraction of the inflowing ions would reach the small 
entrance aperture of the mass analyzer, usually placed on axis with the inlet - 
hole. Therefore, ion focussing must be employed in order to guide as many of 
the inflowing ions as possible into the mass analyzer. 


2.2 Ion Sampling 

The circumstances of a rocket flight, in particular the high velocity and 
the varying rocket orientation, are also very important for the design of the 
ion mass spectrometer. First of all, the high velocity dictates very frequent 
sampling which means a fast scanning of the mass range. Taking a typical 
velocity of 1 km s - l, a scan time of one second is required to obtain an 
altitude resolution of 1 km. Meeting this requirement is not trivial since 
middle atmosphere ions can reach very large mass numbers (up to about 500 amu) 
requiring a large mass range and consequently a large scan speed per mass. 
Taking a total mass range of 500 amu (atomic mass units), the scan time per 
mass is 2 ms. Since more than 2 values are usually required to characterize a 
mass peak, the electronics of the ion detection system has to be sufficiently 
fast to handle at least 1 ms signals. This can best be achieved by a pulse 
counting technique which provides single ion detection and was for the first 
time used in rocket-borne ion mass spectrometry by the MPIK group (ARNOLD et 
al.. 1971). 
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Another quite different effect of the large supersonic rocket velocity 
(1000 m per second corresponding to about Mach 3), is the formation of a shock 
wave in front of the rocket resulting in substantial dissociation of weakly 
bonded cluster ions and also a reduction of ion sampling efficiency due to flow 
disturbances. In order to overcome these problems, the MPIK group (ARNOLD et 
al., 1977) introduced a double-cone sampling electrode, which practically 
attaches the shock wave and thereby allows one to sample ions from the 
undisturbed region upstream of the shock wave. This technique has led to major 
progress and is also used by the AFGL and UB groups (see next section). 

Ion fragmentation can be induced not only by a shock wave, but also by 
electric fields used for ion sampling and focussing. First of all, a draw-in 
potential is usually applied to the sampling electrode in order to prevent 
repulsion of ions of a given polarity due to an electric charge-up of the 
rocket payload which usually occurs during the flight. Such a charge-up may 
result from unequal currents of atmospheric positive and negative charges 
hitting the rocket, as is for example, the case in the region above about 75 km 
where free electrons are prominent. Due to their much larger thermal velocity 
compared to positive ions, they impact with the rocket much more often than 
positive ions leading to a negative charge-up. Photoelectron emission is 
another cause of charge-up. Usually, electric charge-up is weak (a few volts 
at most) and thus, may be compensated for by a correspondingly small draw-in 
potential of opposite polarity. However, since the diameter of the sampling 
electrode is much smaller than the payload diameter, electric field lines 
originating from the charged-up payload may occupy the region in front of the 
sampling electrodes and thereby reduce the ion current flowing to the sampling 
electrode. Therefore, a sufficiently large draw-in potential has to be chosen 
in order to ensure efficient ion sampling. Draw-in potentials up to 10 V have 
been used. 

Electric fields are also used for the extraction of ions from the gas jet 
formed behind the inlet hole and for focussing of the extracted ions on the 
entrance of the mass analyzer. Ion extraction is necessary since otherwise, 
ions would be carried by the gas jet resulting in a dramatic reduction of the 
ion flux density along the jet-axis. Therefore, the ions must be decoupled 
from the gas jet before they have travelled too far from the jet-axis. After 
extraction, ions are then focussed on the entrance of the mass analyzer in the 
x-y plane (perpendicular to the jet axis) where decoupling of ions from the jet 
occurs. The typical extension of the ion swam in the x-y plane is already 
much larger than the diameter of the inlet hole. Therefore, focussing has to 
be employed in order to inject the ions into the mass analyzer. 

Electric fields employed in the regions in front and behind the inlet hole 
(where ions undergo collisions with gas molecules) may lead to cluster ion 
fragmentation. This process is caused by collisions of electric field- 
accelerated ions with gas molecules and, therefore, occurs only in front 
of the sampling electrode and in the region just behind the inlet hole where a 
gas jet is formed. Since the gas is rarefied very quickly along the jet axis, 
the ion fragmentation region extends only over a distance of about 1-2 cm 
behind the inlet hole. The critical parameter controlling electric field- 
induced collisional cluster ion fragmentation is E/P (E = electric field 
strength, P = gas pressure). Usually, the cluster ions are internally excited 
by collisions with collision energies lower than the cluster ion band energy. 
Multiple collisions may ultimately lead to dissociation. 

Laboratory simulation studies of cluster ion fragmentation in front of and 
behind the inlet hole were performed by the MPIK group (ARNOLD et al., 1977; 
BOHRINGER and ARNOLD, 1979). They revealed that even in front of the sampling 
electrode, where E/P is usually low, ion fragmentation can be quite efficient 
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(Figure 3). Depending on altitude, even low sampling electrode potentials of 
only a few volts can lead to substantial fragmentation due to multiple col- 
lision excitation. This finding has led to a reduction of sampling electrode 
potentials in flight experiments. '*■ 

The gas pressure distribution in the region of the gas jet behind the 
inlet hole was probed by ARNOLD et al . (1977) using a miniaturized ionization 
gauge. It was found that the aperture plate of the mass spectrometer (acting 
as an obstacle in the jet) gave rise to a marked pressure increase in the 
region between sampling electrode and mass analyzer (Figure 4). This, in turn, 
leads to a reduction of transmission and thereby, sensitivity, and also to in- 
creased ion fragmentation. In order to overcome these problems, the MPIK group 
has introduced a novel technique, namely freezing-out of the gas jet (ARNOLD et 
al., 1977; see also next section) by which any pressure increase in front of 
the mass analyzer could be voided (Figure 4) . 


Collision-Induced Dissociation of Protonhydrates 
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Figure 3. Laboratory studies of electric field-induced 
cluster ion fragmentation in a drift cell showing 
calculated critical field strength for cluster ion 
dissociation in the atmosphere (from BOH RINGER and 
ARNOLD, 1979). 


Another important characteristic of a ballistic rocket flight is payload 
orientation, which influences the sensitivity of the ion mass spectrometer. 
Since rockets are usually spin-stabilized and launched at an elevation angle of 
about 70-80 degrees, the angle of attack a (angle between the fixed rocket 
axis and the velocity vector) changes during ascent from 0 to 70 degrees. 

During descent a becomes even larger than 90 degrees. Furthermore, large a's 
may also be caused by coning of the spin-stabilized rocket. Finally, during 
descent, when the rocket dives into denser atmospheric regions, rocket flip- 
over occurs due to aerodynamic forces acting on the rocket fins. Consequently, 
a decreases again during descent. A schematic representation of angle of 
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Pressure Profile Along Axis of Cone 



Figure 4. Laboratory diagnosis of the gas distribution 
behind the inlet hole of middle atmosphere mass 
spectrometer (from ARNOLD et al., 1977). 


attack variations during a typical ballistic rocket flight is shown in Figure 
5. The angle of attack a influences both the ion sampling efficiency and the 
focussing of ions into the mass analyzer and thereby affects the instrument's 
sensitivity. Furthermore, an increasing a also leads to increasing mass dis- 
crimination since the reduction of. sensitivity is ion mass dependent. Finally, 
shock wave-induced cluster ion fragmentation may occur at large a even if a 
sampling cone is used since ions have to pass the shock waves created by the 
vacuum housing of the instrument or even the payload body. 

As a consequence, reliable measurements on ballistic rockets can be made 
only for small a which implies that only the ascent part of the flight, except 
for the uppermost 10-20 km, is useful. Thus, a rocket apogee height of 110-120 
km has to be chosen if measurements up to 100 km are intended. Unfortunately, 
this implies increased shock wave effects due to the higher velocity. 

Evidently, for a given rocket trajectory there exists only a relatively limited 
height range within which the experimental conditions are favorable. This 
forces the experimenter to set clear priorities as to the atmospheric layer to 
be investigated. For example, if the region 80-100 km has highest priority, an 
apogee height of 110-120 km has to be chosen. In contrast, if the mesosphere 
55-85 km has highest priority, the apogee height should not exceed 95-105 km in 
order to reduce shock wave effects. 

The above discussion clearly demonstrates the limitations of ballistic 
rockets as carriers of middle atmosphe. ic ion mass spectrometers. In order to 
overcome these difficulties, the MPIK group, as mentioned above, has recently 
developed a parachute-borne drop-sonde mass spectrometer payload which is 
always oriented in the flight direction (a remains below about 30 degrees) and 
travels at subsonic velocities (see following section). 

2.3 Mass Analyzers , }( , . 

The mass analyzer is usually the least unique eleanent,.of the rocket-borne 
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Quadrupole mass spectrometry was an adaption from .particle accelerator 
techniques. As early as 1952, it was found at Brookhaven (COURANT et al., 

1952) that the focussing of a bean of protons to be accelerated in the 
"cosmotron" could be remarkably improved by using alternating quadrupole 
fields. Magnetic fields were arranged around the accelerator so as to squeeze 
the beam first in one direction and then perpendicular to that direction. This 
"strong focussing, alternating gradient" principle had, in fact, been proposed 
several years earlier by Christofilos, an electrical engineer in Greece, but 
his proposal was overlooked until after its independent discovery at 
Brookhaven. From the equations of ion motion, it was apparent that alternating 
electric quadrupole fields could also be used for focussing (BLEWETT, 1952) . 

It was soon recognized that the focussing could be made mass selective so that 
an RF electric field applied to a single set of electrodes would be appropriate 
for low energy ions. Building on these ideas, Paul and his colleagues at the 
University of Bonn (PAUL and RAEIHER, 1955) recognized that the strong focus- 
sing, alternating gradient principle could be applied to mass spectrometry. 

This group pioneered’ the development of the quadrupole mass filter through most 
of the 1950s. As a result, commercial instruments became available during the 
early 1960s, and today they constitute a large fraction of the mass analyzer 
market. 

The mass filter consists of four parallel rods, which ideally should be 
hyperbolic in cross section, but in practice usually contains circular rods to 
approximate the ideal hyperbolic shape. The best approximation is obtained for 
r ^ = 1.148 r^ where r is the minimum distance from the axis to a rod, 
an8 r d is the rod radius. A dc voltage U and an RF voltage V cos uot are 
applied between opposite pairs of rods. The x direction is taken here as being 
through the centers of the pair of rods for which the dc voltage is positive 
with respect to the other pair. 

Ions injected into one end of the instrument are acted upon in the x and y 
direction by the field, but experience no field in the z direction along the 
axis of the instrument. For a given set of conditions of voltage, rod 
separation, and frequency, an ion species must have "bounded" oscillatory 
trajectories in the x and y directions, staying within the electrodes- until 
they emerge out of the far end. Ions of other charge-to-mass ratios are 
filtered out in the x or y directions since their amplitudes in the x-y plane 
of their oscillations quickly increase exponentially with time to values 
exceeding r . Consequently, these ions either impinge on the electrodes or 
escape between the rods to the tube envelope. 

The voltage applied to the rods, <j> Q = (U + V cos tot), gives rise to a 
potential field in the vicinity of the z axis of the form 4 1 = (U + V cos ut) 
(x2-y2) r ~ . In they direction, the dc field has a defocussing effect 
whereas it has a focussing effect in the x direction. The equations of motion 
for ions are: 

.. _2 
mx + 2e (U + V cos wt) xr c _ 2 = 0 

my - 2e (U + V cos wt) yr Q =0 

mz — 0 

of which the first two are known as the Mathieu differential equations. They 
describe oscillations of the ions under the action of a periodic force; The 
third of the above equations is trivial, simply implying that ions injected in' 
the z direction move at a constant velocity. Usually ion injection into the 
quadrupole is achieved by applying an additional draw-in potential, the so- 
called "field axis potential", to all 4 rods. When U is set equal to zero, the 
mass filter works in the so-called "total throughput" or "integral" mode which 
allows all ions to be transmitted whose mass is larger than a lower mass 
boundary, which is determined by V, r, r , and u. 
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Figure 5. Schematic representation of 
the angle of attack variation 
during a typical ballistic rocket 
flight (from NARCISI and BAILEY. 
1965). 


ion mass spectrometer probe. Apart from its particular rigid and compact size 
construction, it is usually more or less of the standard design used for common 
laboratory work. 

To date, two types of mass analyzers, the quadrupole mass filter and the 
single-focussing magnetic sector instrument, have been used for rocket-borne 
ion mass spectrometry in the middle atn -sphere. The mass filter has been 
employed by the AFTL, NASA, and MPIK groups, while the magnetic instrument has 
been used only by one group, namely the UB group. By far, most of the rocket- 
borne ion composition measurements made to date in the middle atmosphere were 
due to the use of mass filters. It is the development of the mass filter which 
has stimulated middle atmospheric ion research. Therefore, and also because 
only the magnetic sector instrument and not the mass filter’ is described in the 
standard textbooks on experimental physics, the latter will be described in 
somewhat greater detail. 
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Having described the principle of operation of the mass filter, we shall 
now discuss its properties with particular emphasis placed upon applications in 
rocket-borne ion composition measurements under middle atmosphere conditions. 

The mass resolution power increases with increasing U/V becoming maximum 
for a limiting value of U/V being about 0.16784. It also increases with an in- 
creasing number of R F oscillations, n, an ion experiences while traversing the 
quadrupole. This number n is, in turn, determined by the length 1 of the 
quadrupole, the RF frequency and the injection velocity in the z direction. 
Experimental studies have revealed that n and the mass resolution m/dm are re- 
lated by n^. 5 (m/ dm) 1/2 f or mass resolution settings around 100 (PAUL et 
al., 1958). This sets an upper limit to the injection voltage as 

U max % 4.2xl0\„ 2 1 2 M dm/ m (volt) 

1 MHZ 

where 1 is the length of the quadrupole field and M is the ion mass in atomic 
mass units (amu) . An increase of the mass resolution power by an increase of 
a) is, of course, limited by the electric power consumption, P, being propor- 
tional to w5, 

P = 6.5 10 - ^C 2 Q -1 M 2 m 5 r 4 cm (watt). 

MHZ O j . . 

where C is the capacitance in picofarads and Q is the figure of merit of the 
power supply. 

The mass range of the mass filter is determined by the ranges of U and V 
(whose ratios remain constant for a particular mass resolution setting), r 
and id. The relations of the ion mass m and the above quantities are 

V = 7 ’ 219 “amu^MHz 2 ^ 2 ^ 010 

D = l- 2 ^ ffi amu“MHz 2r o 2cB2(volt) 

Thus, an increase of the mass range can be achieved either by increasing U and/ 
or by decreasing u or r . An increase of U is limited by technical problems 
including also problems with RF arcing under typical operational conditions in 
the middle atmosphere. Hence, an increase of the mass range beyond a certain 
limit can be achieved only by a decrease of to and r Q . Unfortunately, 
however, this reduces the mass resolution power since a reduction of to reduces 
n and a reduction of r Q requires higher precision of fabrication of the 
quadrupole and makes ion injection more difficult. Furthermore, a decrease of 
r reduces the ion acceptance area of the quadrupole and thereby, 
sensitivity. 

Finally, conditions for ion injection into the quadrupole will be 
addressed. The maximum amplitudes of ion oscillation in the x-y plane' -(*_,, 
y«) depend not only on U,V,w, and r Q but also on the initial conditions of 
the ion motion which, in turn, are sensitively determined by the ion injection 
conditions. Since the mass filtering effect of the instrument is due to making 
the amplitudes of oscillation of unwanted ions larger than r , the mass 
resolution power is larger for maximum amplitudes approaching r . 

Consequently, a larger mass resolution setting makes the instrument potentially 
more unstable with regard to departures from ideal injection conditions (in z 
direction and injection point exactly on z axis). For injection parallel to 
the z axis with coordinates x and y of the injection point in the x-y 
plane at z=0 (front end ..of quadrupole) the risk of ion loss due to collisions 
with the rods increases with increasing mass resolution power (larger amplitude 
of oscillation) and with increasing x and y . Therefore, only a certain 
fraction of the total fieid cross section irr oz can be used for ion 
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injection, depending on the mass resolution setting, 
and y and coordinates of the ion injection point x Q 
to the mass resolution power by 


Maximum amplitudes 

and y are related 
o 


*M 


x M /x o* y M /y o < K8 (m/Am)1/2 

Thus, the maximum amplitude increases only as the square root of the mass 
resolution. For x^=y^=r o one obtains a crude estimate of the diameter D 
of the effective area in the x-y plane at z q which provides a high ion trans- 
mission (close to 100 percent) 

D'fcr^m/Am)*'^ 

For ion injection within an angle 6 with respect to the z axis (at x o = 
y =0), the ion transmission of the quadrupole again decreases with increasing 
mass resolution setting. Here, the. critical parameters are the radial ion 
velocities Xj^ and y^. These should fulfill the requirement 

X M . y M < °- 16 r o ( Am /“) 1/2 


Another important aspect of the ion injection energy is that it is not critical 
provided that M remains sufficiently large. The latter requirement can be 
easily met by properly adjusting 1 and u>. 


Having discussed the operational principles and properties of the mass 
filter, we now turn to a discussion of consequences for rocket-borne 
application in the middle atmosphere. 


The most important properties making the mass filter an almost ideal tool 
for rocket-borne ion mass spectrometry in the . middle atmosphere are the 
uncritical ion injection conditions. These allow for a high overall ion 
transmission (between inlet hole and multiplier) even for unfavorable rocket 
orientations. When only moderate mass resolution is required (peak width 1 amu 
at 50 percent amplitude), just sufficient to separate adjacent mass peaks of 
comparable amplitude, the mass filter offers a relatively large acceptance 
area, which may be a major fraction of the quadrupole field cross section 
tr . Since the ions enter the probe through a small inlet hole (typical 
diameter:. 0.1 cm), one can obtain a large overall ion transmission with a 
moderate size quadrupole, say, with r Q equal to 0.5 cm. This is true even if 
some broadening of the ion swarm occurs to collision-controlled ion motions in 
the gas jet behind the inlet hole. Usually, most ions can be electrically 
extracted from the gas jet before. their x- and y-coordinates have become larger 
than about 0.1 cm. 

Other favorable properties of the mass filter for rocket-borne application 
are its rigid and compact size construction and its flexibility as far as modes 
of operation are concerned. Various modes of operation can, in principle, be 
used in a single rocket flight including positive and negative ion detection, 
variable mass resolution and sensitivity settings, variable ion injection 
energy and the total throughput mode. Switching from one mode to another 
involves only switching of electrical potentials which can be accomplished 
within 10 ms of the above modes, the total throughput or integral mode is 
particularly interesting since it provides a very large overall ion 
transmission and thereby, a high sensitivity. Laboratory simulation experi- 
ments of the MPIK group have shown that for an ambient atmospheric gas pressure 
of 1 mb, corresponding to an altitude around 50 km, an overall transmission of 
50 percent can be achieved. 
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Thus, the mass filter appears to be particularly well suited for rocket-- 
borne ion composition studies in the middle atmosphere where ion concentrations 
are low and therefore require a large sensitivity. 

The other type of mass analyzer used for rocket-borne ion studies in the 
middle atmosphere, the single focussing magnetic sector instrument, will now be 
briefly reviewed. This analyzer employs the impulse-selective deflection of 
ions by a sector magnet (for example, a 90° sector). The ions are injected 
through a narrow entrance slit (typical width: 0.01 cm) which is placed in 
front of the sector magnet. In the magnetic field region, the ion trajectories 
are circular with a radius r which is related to the ion mass m, the magnetic 
field strength H, and the injection voltage V by 

f = H2 r 2/2V 

A mass spectrum can be obtained in several ways. A fixed detector, usually a 
multiplier with an entrance slit can be placed at the rear end of the sector 
magnet and then either H or V can be swept to produce the mass spectrum. The 
rocket-borne ion instrument of the UB group (ZBINDEN et al., 1975) employs a U- 
sweep from about 180-2000 V with a fixed magnetic field strength H of 45 00 
Gauss. The strength of the magnetic instrument lies in its very high mass re- 
solution power being far greater than that of a quadrupole mass filter. How- 
ever, severe shortcomings, in particular for middle atmospheric ion studies, 
are a relatively low ion transmission of the mass analyzer especially at higher 
mass numbers, and even more severe, a much lower overall transmission. The 
latter is mostly due to the inefficient focussing of ions extracted from the 
gas jet behind the inlet hole on the narrow entrance slit (typical width: 0.01 
cm) of the mass analyzer. Usually, the focussing efficiency is only around 2 
to 6 percent. Furthermore, the magnetic instrument is rather sensitive to 
oblique ion injection. Another shortcoming is the upper limitation of the mass 
range, presently around 250 amu. 

In view of the relatively low sensitivity, the high resolution power of 
the magnetic sector instrument pays off only for special applications. A very 
attractive application is the isotope studies, which usually require the 
separation of minor ion peaks adjacent to major peaks. 

In summary, therefore, it appears that the quadrupole mass filter is 
superior for moderate and low mass resolution ion studies, especially when high 
sensitivity and high mass range are required. In contrast, the magnetic sector 
instrument is superior as mass resolution is concerned. Thus, the two types of 
mass analyzers complement each other and combined measurements using both types 
of mass analyzers provide a broader data base. Such combined flights of an 
MPIK mass filter and a UB magnetic sector instrument have been made on numerous 
occasions. 

2.4 High Speed Pumping Systems 

The high speed pump represents perhaps the most unique element of the 
rocket-borne ion mass spectometer probe. Its design is to a large extent 
dictated by the specific experimental circumstances, particularly the ion and 
gas sampling configuration. Ideally, the inflowing gas should be removed in 
front of the mass analyzer and only ions should have access to the mass 
analyzer. In practice, however, such differential pumping involving two 
chambers does not necessarily represent the most favorable solution. There- 
fore, all instruments flown to date have employed only a single chamber for the 
pump, mass analyzer, and multiplier. 

A simplified view of this single chamber configuration would be a cylin- 
drical chamber whose walls act as a pump and into which ions and gas enter 
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through a small inlet hole drilled into the top plate of the cylinder. Behind 
the inlet hole a gas jet is formed which usually does not significantly 
interact with "background" gas molecules since the mean free path length of 
"background" molecules must be larger than the length of the cylinder. This 
requirement is imperative in order to avoid ion scattering in the mass 
analyzer, whose size is almost as large as that of the cylinder. The ideal 
situation would be a free jet expansion through the inlet hole with a unit 
pumping efficiency (the probability of sticking by a gas molecule upon wall 
collision is one) of the inner walls of the cylinder. In this case, the gas 
density distribution inside the cylinder would be highly nonuniform. Also, 
the velocity distribution of gas molecules would be highly non-Maxwellian. 
Alternatively, for a sticking probability much lower than one, a "background" 
gas pressure builds up which may become large enough to reduce the mean free 
path for gas molecules to a value lower than the length of the cylinder. Here, 
the gas jet interacts with the background gas rather than with surfaces. As a 
consequence, the "background" gas distribution becomes more or less Maxwellian 
with a shape determined by the wall temperature. However, since ion scattering 
by molecules must be avoided, only the first of the above scenarios is of 
primary interest here. Here, the size of the inlet hole has to be adjusted to 
the ambient atmospheric gas pressure and the speed of the pump such that the 
"background" gas pressure remains sufficiently low to ensure that the mean 
free path rsuains larger than the length of the cylinder. 

In practice, the mass analyzer and eventually also the ion optical 
elements are positioned on-axis with the gas jet and are more or less close to 
the inlet hole. Thus, the gas jet is scattered by non-pumping surfaces before 
gas molecules ultimately arrive at pump surfaces. Consequently, the gas 
density distribution inside the cylinder is modified especially along the 
cylinders' z-axis, which usually is identical to the z-axis of the ion optics 
and/or the mass analyzer. For the specific configuration described above, the 
efficiency of the pumping system is not simply determined by the conventionally 
defined pumping speed. Instead, the geometry of the instrument and of the ion 
optical elements and the mass analyzer are all important. This is more 
thoroughly discussed below in connection with practical examples. 

To date, five different types of high speed pumping systems have been used 
for middle atmosphere rocket-borne ion mass spectrometry including cryo 
sorption, titanium-film sorption, and cryo condensation pumps. 

The first pumping system, introduced by the AFGL group in 1963 (NARCISI 
and BAILEY, 1965), was a liquid nitrogen-cooled zeolithe pump (Figure 6). It 
consisted of 7 concentric stainless steel cones with a total surface area of 
about 2,000 cm2 onto which zeolithe material was bonded. Zeolithe is a 
crystalline aluminosilicate containing crystal water. It is composed of 
SiO^- and AlO^-tetraeders which form a polyeders having a cavity at its 
center. Cavities of individual polyeders are linked with each other by pores 
having typical sizes of 0.5-1 nm. By out-baking of the zeolithe, the crystal 
water can be driven out and thereby the pore system can be activated for the 
adsorption of gas molecules having diameters around 0.2-0. 4 nm. Usually, the 
zeolithe material used for adsorption pumps is composed of small spherules 
(diameter: 0.3 cm) or cylinders (length: 0.15 cm) which are bonded together 

by about. 20 percent bonding material. As a consequence, the effective heat 
conductance is relatively low, about 10 W m - ^ °K“l. 

The sticking probability p of N, and 0^ molecules hitting the z%olithe 
is about 0.6 for freshly activated zeolithe kept at a temperature of 77 K 
(liquid temperature). However, p decreases distinctly as the mass of 
adsorbed gas increases. This is due to coverage of the surface of the sorbant 
by gas molecules and the increase of the effective temperature of the pump sur- 
face due to the reduction of the heat conductance. The sticking probabilities 
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Figure 6. First pumped rocket-borne ion mass spectro- 
meter as used by the AFGL group in 1963 (from NARCISI 
and BAILEY, 1965). 


of He, Ne, and H 2 are very much lower than those of N, and C^. However, 
these gases have low abundances only in the upper part of the middle atmosphere 
and therefore, they do not build up critical partial pressures inside the in- 
strument during the short time span of a rocket flight. 

Another important characteristic of the cryosorption pump is its pumping 
capacity, C. Usually, C is around 4x1024 molecules per kg (of sorbant 
material) for N 2 gas and for zeolithe at 77 °K. During a typical ballistic 
rocket flight with an inlet hole of 0.01 cm in diameter the integral number of 
inflowing molecules above 60 km is on the order of 10^2. Thus, the minimum 
zeolithe mass required is of the order of a few g. The standing time of the 
pump which is determined by the evaporation rate of the liquid nitrogen is 
about 5 hours. 

Now we will discuss more thoroughly the problem of pumping efficiency 
using this first rocket-borne pumped ion mass spectrometer as an illustrative 
example. As can be seen from Figure 6, the gas jet which is formed behind the 
inlet hole mostly impacts on the front end of the housing of the quadrupole 
mass filter used for the mass analyzer. Thus, relatively high gas densities 
build up in the region between the inlet hole and the quadrupole housing. Most 
of the gas leaves this region sideways via the slit between the quadrupole 
housing and the copper heat shield. Another fraction of the gas leaves the 
high pressure region via the entrance aperture (diameter: 0.1 cm) of the 

quadrupole and flows into the most critical part of the instrument, namely the 
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mass analyzer. As already mentioned above, the high gas pressure building up 
in front of the mass analyzer causes several problems including a reduction of , 
transmission and thereby sensitivity as well as collisional breakup of cluster 
ions. These perturbations become particularly severe at lower heights or 
higher ambient gas pressures. Another shortcoming of the zeolithe pump is 
the risk of contamination of the mass analyzer and the multiplier by zeolithe 
particles which may eventually disintegrate from the pump surface. 

The second high speed pumping system, developed and first flown in 1968, 
is the titanium sublimation pump of the NASA group (GOLDBERG and BLUMLE, 1970). 
It (Figure 7) consisted of a chamber surrounding a quadrupole mass filter, 
which was protected by a series of optical baffles in order to reduce the risk 
of contamination of the mass analyzer and multiplier by titanium vapour 
deposition. The pumping effect of a titanium sublimation pump relies on the 
absorption of chemically active gases by the titanium film via chemisorption, 
formation of chgmical compounds, and diffusion. At a temperature of the 
Ti-film of 293 K, the sticking probabilities for N, and 0 2 are large 
whereas. He, Ne, H 2 and even the relatively abundant argon (volume mixing 
ratio: 0.01) are practically not pumped. The pumping capacities C for 

and 0^ are about 4x10^4 and 8x1024 molecules per kg titanium film. 

As with the zeolithe pump, the sticking probability p decreases distinctly 
with increasing gas load of the Ti-film. To remove atmospheric argon which is 
not pumped by the Ti-sublimation pump, the latter was supported by an ion 
getter pump. In order to ensure a high pumping efficiency of the titanium 
film, the film had to be deposited within about 1-4 hours before rocket launch, 
which was accomplished by electrical heating of titanium filaments mounted 
inside the pump chamber. 


An advantage of this pump is its simplicity, in particular, the absence of 
a liquid coolant which is usually difficult to handle in a rocket-borne 
instrument. Shortcomings include a relatively low pumping efficiency and the 



Schemotic of the basic spectrometer plus the vacuum housing and pumps. 


Figure 7. Pumped rocket-borne ion mass spectrometer as 
used by the NASA group (from GOLDBERG and BLUMLE, 
1970). 
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risk of titanium contamination of the mass analyzer and the multiplier. 
Evidently, the series of optical baffles employed to protect the mass analyzer 
and multiplier from titanium contamination severely reduce the access of the 
inflowing gas to the pump chamber. Thus, most gas molecules undergo multiple 
scattering by nonpumping surfaces before they reach the pump chamber which 
gives rise to a relatively high gas density in the quadrupole chamber. 
Furthermore, the entrance aperture plate of the quadrupole placed very close to 
the inlet hole acts as an obstacle to the gas jet leading to the buildup of a 
relatively high gas density in this critical region. In summary, it appears 
that the NASA instrument is most suited for studies of the uppermost part of 
the middle atmosphere where the atmospheric gas pressure is not too high. 

A third pumping system was introduced by the MPIK group and flown in 1969 
(ARNOLD et al., 1971; 1977); it is a pure cryo-condensation pump cooled by 
liquid helium. A further improved version of this pump flown in 1972 (ARNOLD 
et al., 1977), is shown in Figure 8. Here a basically different approach was 
taken. The pump surface is fabricated of gold-plated copper to increase heat 
conduction. No baffles are used offering maximum access of the inflowing gas 
to pump surfaces-. Due to the extremely low temperature of the coolant (4.2°K), 
all gases except for He and H^ are pumped practically with unit sticking 
probability. The ultra-rare atmospheric gases He and H- are sufficiently 
well pumped by cryo trapping in the condensate matrix composed of mainly N^ 
and 0„ . Cryo trapping represents no problem for the short time of a rocket 
flight. Due to its small size and low mass (6 kg), the standing time of the 
helium pump is only about 20 minutes requiring liquid helium filling to be 
completed within 10 minutes prior to launch. 

Most importantly, the MPIK pump freezes out most of the gas jet using a 
laminated cold surface placed in front of the mass analyzer. Upon extraction 
from the gas jet, ions are focussed onto a central hole (diameter; 0.5 cm) 
drilled into the cold surface. Because of the very efficient pumping, a large 
inlet hole can be used resulting in a large sensitivity. Alternatively, when 
using an inlet hole with a diameter of merely 0.1 cm, ion composition 
measurements can be extended to lower altitudes than was possible with previous 
instruments. In fact, the first rocket flight of the modified pump in 1972, 
led to a maj or breakthrough, namely an extension of ion composition measure- 
ments downwards in altitude to 35 km, compared to about 60-70 km reached in 
previous experiments. 

A fourth type of pump, which was flown in 1971, by the UB group (ZBINDEN 
et al., 1975) (Figure 9) is also a liquid helium-cooled cryopump but without a 
cold surface for direct freezing out of the gas jet. Instead, the rather large 
and massive pump (22 kg) is built around a complex ion optical system employed 
for the focussing of incoming ions onto the entrance aperture of a magnetic 
sector mass analyzer. Due to its large size, this pump has a standing time of 
4 hours which is a major advantage over the small MPIK helium pump. However, a 
shortcoming of the bigger UB pump is that it requires the use of larger 
rockets . 

A fifth type of pump introduced in 1978, by the MPIK group (ARNOLD et al., 
1982; ARNOLD and VIGGIANO, 1982) is a liquid neon-cooled cryopump. It was 
developed by the MPIK group building on the experience with their balloon-borne 
ion mass spectrometer (ARNOLD et al., 1980). The liquid neon pump offers 
nearly the same high efficiency for removal of N- and as the liquid 
helium pump. For He, H 2 . and Ne, the pumping efficiency is much less but 
cryo trapping at the temperature of liquid neon (27 °K) is still sufficient 
for the short time span of a rocket flight. The use of liquid neon offers 
major advantages as far as the standing time and the behavior of the liquid 
coolant under flight conditions are concerned. This is due to its large latent 
heat of vaporization of 87.2 kj per kg for helium. Considering the specific 
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Figure 8. Combined positive ion, negative ion, and 

neutral gas composition mass spectrometer as used by 
the Max-Planck-Institut for Kernphysik, Heidelberg 
(from ARNOLD et al;, 1977). 

weights for liquid Ne and He being 1204 and 124.8 kg per cubic meter, the 
latent heat of vaporization for one liter of liquid neon is 105 kJ compared to 
2.6 kJ for liquid helium. The standing time of the small neon pump is about 10 
hours, which greatly relaxes preflight preparations and also offers an oppor- 
tunity for measurements of stochastically occurring short term events like 
aurorae which require quick response times. Thus, the liquid neon-cooled 
condensation pump appears to be the most powerful high speed pump for 
applications towards rocket-borne ion mass spectrometry of the middle strato- 
sphere. 

3. MILESTONES IN INSTRUMENTAL DEVELOPMENTS AND RELATED PROGRESS IN ATMOSPHERIC 
ION COMPOSITION MEASUREMENTS 

The first flight of a rocket-borne pumped ion mass spectrometer in the 
earth's atmosphere was carried out on October 31, 1963, by the AFGL group 
(NARCISI and BAILEY, 1965) and provided positive ion composition data at 
altitudes between 64 and 112 km. The instrument (Figure 6) was equipped with a 
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Figure 9. Positive ion single Focussing magnetic sector 
mass spectrometer as used by the University of Bern 
(from ZBINDEN et al., 1975). 


small commercial quadrupole mass filter developed and fabricated at the Bell 
and Howell Research Center and modified at AFGL. The pump used was a liquid 
nitrogen-cooled zeolithe cryo sorption pump which has been described in detail 
in the preceding section of this paper. Ion detection was accomplished using a 
ten-stage multiplier. The output current of which was measured with a logar- 
ithmic electrometer which had a response time of about 20 ms and a detection 
limit of approximately 5xl0 - 16 A. 

The small quadrupole (rod diameter: 0.1905 cm; rod length: 7.62 cm) was 

placed rather close to the planar sampling electrode which had an inlet hole 
with a diameter of 0.1 cm. A draw-in potential of -8 V was applied to the 
sampling electrode and after entering the instrument via the inlet hole, ions 
were attracted by a potential of -128 V applied to the quadrupole and 
quadrupole housing. 

The small quadrupole offered a mass range from 1 to 46 amu and only a poor 
mass resolution m/Am of 16 corresponding to a peak width Am of about 3 amu. 

The sensitivity for ion detection was roughly constant with height above 
approximately 80 km but decreased by about a factor of 100 below 80 km. Most 
likely, this dramatic loss of sensitivity below 80 km was due to the relatively 
inefficient pumping at these heights. Here, the higher ambient gas pressure 
gives rise to a stronger gas jet behind the inlet hole impinging directly onto 
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the unprotected quadrupole which was placed just behind the inlet hole. Thus, 
ion scattering reduces the transmission of the instrument. 

The most striking result of this pioneering experiment was the discovery 
of atmospheric positive cluster ions^ It was fo^nd (Figure 10) that below 
about 80 km ions + with masses 19 (H^O ) and 37' (hCH.O),) become more 
dominant than NO (30), the dominant ion predicted By theory (NICOLET and 
AIKIN, 1960). It was also found that ions with masses larger than 45 are 
promin^it below 75 km. At heights above 80 km, the dominant ions were N0 + 
and 0. . Besides t^hese, a layer of meteoric atomic metal ions, mostly Mg + 
(24, 25, 26) and Na (23) with a peak at 95 km was also detected. However, 
possibly due to the poor mass resolution, several masses including 16, 17, 18 
were found which could not be confirmed by later improved measurements. 


During the following years, the AFGL group carried out a number of 
positive ion composition measurements under a variety of geophysical conditions 
including high latitudes, auroral energetic electron precipitation erventB, and 
sporadic E-layer events. For these studies, essentially the same type of 
instrument, with only minor modification, was used. Perhaps, the most 
important improvement was an extension of the mass range of the instrument to 
86 amu which allowed the detection of Fe (56) and H + (H^O)- + (55) . All 
these flights confirmed the existence of cluster ions h (l^O) (n = 1 , 2, 
3) below 85-80 km and of a meteoric metal atom layer peaking arounS 95 km and 
composed mostly of Mg + and Fe + . Building on their laboratory studies of 
ion-molecule reactions, Ferguson and his colleagues at the NOAA Aeronomy 
Laboratory at Boulder (FERGUSON, 1971) proposed ion chemical schemes for the 
formation of the newly detected atmospheric H (H.O) clusters and 
meteoric metal + atcm ions. They suggested that the fl (H_0) clusters are 
formed from NO and 0^ by a chain of ion molecule reactions involving 
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atmospheric water vapor. Atomic metal ions, according to their scheme, are 
formed from neutral metal atoms resulting from meteor ablation. The most im- 
portant formation mechanisms are photoionization and charge transfer from NO 
and 0, which is efficient due to very lew ionization potentials of the 
metal atoms. Since atomic ions recombine only very slowly with electrons via 
radiative recombination, they are particularly long-lived and thereby can 
reach large fractional abundances despite the concentration of neutral metal 
atoms. Their long lifetime also allows atomic metal ions to be transported 
vertically by Lorentz forces when these ions are blown by horizontally directed 
winds across the earth's magnetic field lines. Hind shears may arrange the 
atomic metal ions in thin layers and thereby give rise to so-called sporadic 
E layers which influence radio wave propagation. 

The next instrumental development was the NASA instrument flown for the 
first time on March 15, 1968 (GOLDBERG and BLUMLE, 1970). While the mass, 
analyzer of this positive ion instrument was similar to the one used in the •- 
first AFGL flight of 1963, the high speed pumping system was entirely different 
(Figure 7) . Instead of a zeolithe pimp, a titanium sublimation pump combined 
with an ion getter pump was used (see preceding section of this paper). Also, 
the ion detection system involving a multiplier and current measurement was 
essentially similar to the one used by the AFGL group. The mass range was 
13-49 amu and the mass resolution was about 1.5 amu (peak width at half ampli- 
tude). Like the AFGL instrument, the NASA instrument also employed a flat 
sampling electrode with an inlet hole of 0.075 cm in diameter and with the 
small quadrupole placed just behind the inlet hole. The draw-in potential 
applied to the sampling electrode-was -10 V and the ion injection potential 
applied to the quadrupole rods and the entrance aperture of the quadrupole was 
-10 V. However, the apogee height of this first flight of the NASA-instrument 
was 303 km, far too high for a good middle atmosphere measurement. As a 
consequence, reasonable positive ion data could be obtained only down to a 
height of about 76 km below which the sensitivity of the instrument decreased 
dramatically. A somewhat improved version of this instrument with longer quad- 
rupole rods (10 cm), a larger mass range (4 - 66 amu), and a smaller inlet hole 
(diameter: 0.05 cm) was flown twice in 1970, at the equator. Here apogee 
heights were only 101 and 122 km which allowed for reasonably good instrument 
performance in the upper part of the middle atmosphere. Positive ion composi- 
tion data could be obtained above 60-65 km. The results are similar to the 
previous findings by the AFGL group confirming the existence of H ( H 2°^n 
clusters (n = 1, 2, 3) below about 85 km and of the atomic metal ion layer 
around 95 km. However, in addition, some new and interesting information was 
also obtained on the equatorial atmosphere (Figure 11) and with these and later 
flights on metal ions (GOLDBERG and AIKIN, 1971; 1973). 

The MPIK instrument came into use in 1969, and led to a major improvement 
in ion sampling. This instrument was developed and built in-house by the MPIK 
group based on the experience with their unpumped rocket-borne ion mass 
spectrometer and was for the first time successfully flown in 1967 (ARNOLD et 
al., 1969). This middle atmospheric instrument consisted of a large quadrupole 
mass filter (rod diameter: 0.9 cm; rod length: 20 cm) and a novel liquid 
helium-cooled cryo condensation pump (see preceding section). Furthermore, it 
was equipped with an ion detection system employing a channel electron multi- 
plier (OEM) and single ion pulse counting. The sampling electrode was a planar 
circular plate (diameter: 6 cm) with a central inlet hole 0.1 cm in diameter. 

Draw-in potentials of + 5 V and + 10 V were applied to the sampling elec- 
trode. In constrast to previous designs, the quadrupole was positioned at a 
much larger distance (3 cm) from the inlet hole in order to allow for 
sufficient gas jet expansion before the jet impinged on the quadrupole. 

Another important feature of this instrument is a powerful RF-generator 
developed and built by the MPIK group which had an RF-amplitude V of 450 V and 
allows for a mass range of 1-130 amu despite the large quadrupole rod radius. 
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The ion detection system, which involves single ion counting and a high voltage 
CEM-power supply with the capability to quickly switch the polarity of the high 
voltage (within 20 ms). This allows the measurements of positive and negative 
ions with one instrument. 

The first successful flight of this combined positive and negative ion 
instrument, which provided near simultaneous positive and negative ion composi- 
tion data, took place on March 22, 1970 (ARNOLD, 1971; ARNOLD et al., 1971). 

The negative ion data were the first high mass resolution negative ion data ob- 
tained in the earth's atmosphere. They also were the first negative ion data 
which yielded height profiles for individual negative ion species. Using their 
small modified quadrupole instrument, the AFGL group had also obtained negative 
ion data (NARCISI et al., 1971). But these suffered from poor mass resolution. 
In contrast, the MPIK measurement allowed separation of adjacent mass peaks. A 
total of 12 negative ion species was detected (Figure 12), most of which were 
present in large abundances only below 80 km. In this region, CO_~ (60), 

Cl (35, 37) and HCO, (61) were most prominent. Above 80 km, very 
massive species lll+l and 125+1 were most prominent and ©2” (32) was 
also present. It was proposed by ARNOLD et al. (1971) that the observed Cl 
is probably formed by ion-molecule reactions involving Cl-atoms or some atmo- 
spheric Cl-compound whose concentration was estimated to be about lO 3 cm J 
(ARNOLD, 1971; ARNOLD et al . , 1971; ARNOLD and KRANKOWSKY, 1971). In the mean- 
time interest in middle atmosphere chlorine has increased tremendously since it 
was recognized that Cl-atcms give rise to catalytic destruction of the ozone 
layer. Current theoretical model calculations of the mesosphere (c.f. BRASSEUR 
et al., 1983) predict a Cl atom concentration of about 10^ cm~3 around 
60 km which agrees well with the Cl abundance inferred by Arnold and his 
colleagues from their negative ion composition measurements already in 1971. 
This example demonstrates the enormous potential of atmospheric ion composition 
measurements as an analytical tool for neutral trace gas detection. • 



Figure 12. First high mass resolution measurements of atmo- 
spheric negative ions (from ARNOLD et al., 1971). 
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Other unexpected results of the MPIK flight were the presence of HCO^ 
which was later supported by laboratory studies of ion-molecule reactions 
(FERGUSON et al., 1979) and the predominance of CO, instead of the 
expected NO^ • Also unexpected, were heavy ions at mass 111+1 and 
125+1 which seem to be difficult to explain even by current atmospheric 
negative ion models. In contrast, most of the other observed ions can be 
explained by current models. Particularly, the sharp ledge of the regime of 
atomic and molecular negative ions observed around 78-80 km can be readily 
explained by associative detachment reactions of negative ions with oxygen 
atoms which at nighttime become abundant above these heights (c.f. ARNOLD and 
KRANKOWSKY. 1971). 

As far as positive ions are concerned (ARNOLD, 1971; KRANKOWSKY et al., 
1972a), the early MPIK measurements mostly confirmed the previous observations 
of the AFGL and NASA groups. However, due to the high mass resolution and 
sensitivity of the MPIK instruments, it was possible to better characterize the 
meteoric metal ion layer at 95 km. A total of 9 elements Na + (23), Mg + 

(24, 25. 26). A1+ (27). K+ (39. 41). Ca+ (40 , 42 . 44), Cr+ (52), Fe+ 

(54, 56, 57), Ca + (59), and Ni + (58, 60) could be detected with fractional 

abundances being very similar to those of their parent elements in stony 
meteorites (chondrites) (ARNOLD, 1971; KRANKOWSKY et al., 1972b). 

The next major step in instrumental developments was the single focussing 
magnetic sector instrument for positive ion detection by the UB group, which 
was first flown on December 14, 1971 (ZBINDEN et al., 1975). The instrument 
(Figure 9) was pumped by a liquid hellium-cooled cryo condensation pump (see 
preceding section of this paper) and employed conventional ion detection using 
a multiplier and current measurement. Like all previous instruments, it had a 
flat sampling electrode to which a draw-in potential of -5 V was applied and it 
used an inlet hole with a diameter of 0.2 cm. The mass range was 11-73 amu and 
the peak width was about 0.5 amu. Thus, the strength of this instrument was 

its high mass resolution power which was particularly well suited for isotopic 

studies. 

Positive ion composition data were obtained between 75 and about 150 km. 
Besides confirming previous observations, the measurement provided additional 
new information, especially on meteoric ions (Figure 13). A total of 23 masses 
corresponding to 17 elements could be detected. As far as cluster ions are 
concerned, the measurements suffered from severe ion breakup which was partly 
due to the high apogee height (about 150 km). 

A breakthrough in cluster ion composition measurements was achieved in 
1972, when a new MPIK instrument especially designed for measurements below 85 
km was flown (ARNOLD and KRANKOWSKY, 1974). This instrument was equipped with 
a conically shaped sampling electrode and a cold surface in front of the 
quadrupole mass filter. Apart from employing a larger quadrupole (rod 
diameter: 0.9 cm; rod length: 20 cm) and no electron impact ion source, it is 
essentially similar to the instrument shown in Figure 8. In contrast to 
previous measurements, a lower draw-in potential of only 2.5 V was applied in 
order to reduce electric field-induced cluster ion breakup. This was a 
consequence of laboratory simulation studies of cluster ion breakup carried 
out by the MPIK group which had clearly demonstrated that draw-in potentials as 
low as 5 V (the lowest value previously used) are sufficient to induce 
substantial collisional dissociation of weakly bonded cluster ions. The 
conically shaped (double cone with angles of 90° and 20°) was used to attach 
the shock wave and thereby sample ions from the undisturbed atmosphere. Thus, 
shock wave-induced cluster ions breakup should be reduced and furthermore, the 
ion sampling should efficiently be improved. The laminated cold surface placed 
in front of the quadrupole was introduced in order to freeze out the incoming 
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Figure 13 . Atomic metal ion measurements as obtained by 
the high mass resolution magnetic sector mass spectro- 
meter of the UB group (ZBINDEN et al., 1975). 


gas jet. Thus, the transmission of the instrument, in particular at low 
heights, was markedly improved. Also, the risk of electric field— induced 
cluster ion breakup in front of the quadrupole was reduced. 

The first flight of this new instrument in May 1972, provided the first 
positive ion composition measurements in the stratosphere (ARNOLD et al., 

1977) . It was found that cluster ions other than proton hydrates become 
prominent below about 40 km (Figure 14). Above 60 km, many new species were 
also detect ejl. Numerous positive cluster ion species including weakly bonded 
ones like NO N, (bond energy: 0.22 eV) could be detected (Figures 15, 16, 

17), many for the first time in the atmosphere, especially clusters with N 2 , 

0 „, and CO 2 ligands. The discovery of these clusters had a major impact on 
our understanding of the D-region positive ion chemistry. It was recognized 
that cluster formation via Nj-, O,-. and COj-clustering is important and 
accelerates the buildup and growth of clusters, especially at low mesospheric 
temperatures. It was recognized that D-region plasma densities must be rather 
temperature sensitive due to the strong temperature control of the conversion 
of molecular ions to cluster ions which recombine with electrons much faster 
than molecular ions (HUANG et al., 1978). 
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Figure 14. Measured profiles of positive ions (from ARNOLD 
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Figure 15. Positive cluster ion composition measurements 
obtained by using a sampling cone and a low draw-in 
potential (from ARNOLD and KRANKOWSKY, 1974). 
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Figure 16. Positive cluster ion composition measurements 
obtained by using a sampling cone and a low draw-in 
potential (from ARNOLD and KRANKOWSKY, 1974). 



Figure 17. Positive cluster ion composition measurements 
obtained by using a sampling cone and a low draw-in 
potential (from ARNOLD and KRANKOWSKY, 1974). 
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Resides this information, the flight of May 1972, offered also other new 
insights regarding trace gas determination from ions. Thus, water vapor 
(Figure 18) (ARNOLD and KRANKOWSKY, 1977) and for the first time also H_0, 
(Figure 19) (ARNOLD and KRANKCWSKY, 1974) could be inferred from the positive 
ion composition. The sampling cone techniques has now been adopted by all 
other groups. 


The MPIK instrument was further modified. Use of a small quadrupole (rod 
diameter: 0.46 cm; rod length: 115 cm) and a lower RF-frequency w (1.4 MHz) 

allowed extension of the mass range up to 720 amu which has led to detection of 
particularly heavy ions (ARNOLD and J00S, 1979). Furthermore, a fly-through 
electron impact ion source for combined ion and neutral gas composition 
measurements (Figure 8) was included. Thus, the concentration of oxygen atoms 
which are important for both the positive and negative ion chemistry could be 
measured nearly simultaneously with the ions (Figure 20) (ARNOLD et el., 1977). 



h 2 o volume mixing ratio 

Figure 18. Hater vapor abundances as inferred from positive 
ion composition measurements (ARNOLD and KRANKCWSKY, 

1977) . 


The UB magnetic sector instrument has also been modified for negative ion 
measurements. Their first negative ion composition measurement which took 
place in 1979, provided high mass resolution negative ion data, which, however, 
are not yet published and therefore, cannot be discussed here. 

Further progress in instrument development was made with the flight of an 
MPIK payload on August 13, 1978, specifically tailored for combined positive 
and negative ion composition studies in noctilucent clouds (BJORN and ARNOLD, 
1981). The instrument was equipped with a liquid neon-cooled cryo condensation 
pump which, for purposes of a rocket measurement, offered practically the same 
pimping efficiency as the liquid helium-cooled pump, but had a standing time of 
about 10 hours. The latter was very helpful since some atmospheric phenomena 
such as noctilucent cloud events are rare and the rocket must be prepared for 
flight and remain in a standby position about 10 minutes prior to paunch. 

Other interesting features of this instrument were a large mass range (1-720 
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Figure 19. First hydrogen, peroxide (H 2 0 2 ) measurements in 
the atmosphere as obtained by passive chemical ionization 
mass spectrometry (ARNOLD and KRANKOWSKY, 1974). 



ATOMIC OXYGEN NUMBER DENSITY (cm' 3 ) 


Figure 20. „ Atomic oxygen measurements as obtained by the com- 
bined ion and neutral gas composition mass spectrometer 
(from ARNOLD and KRANKCWSKY. 1977). 
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amu) , a variable inlet hole (0.5 and 0.2 cm), and a very rapid scan (0.25 S for 
the entire mass range). The short scan time was used to achieve an altitude 
resolution of about 250 m. This is required to probe a noctilucent cloud layer 
which may have a thickness of only one kilometer. The change of the inlet hole 
was accomplished by using a movable sampling cone with an inlet hole of 0.2 cm 
sitting on top of a conical sampling electrode carrying an inlet hole of 0.5 
cm. An 0-ring seal was employed between the movable and the fixed cones. 

During ascent at 75 km, the movable cone was swung to the side thereby, ex- 
posing the 0.5 cm inlet hole. During descent at the same height, the operation 
was reversed. Thus, a large sensitivity at the lower heights where a smaller 
inlet hole is required to avoid ion scattering inside the mass analyzer. 

In fact, a thin layer of very massive positive ions, mostly H+ ( H 2 °) n 
clusters with n up to 21, could be detected in the noctilucent cloud flight of 
August 13, 1978, around 90 km altitude (Figure 21) (BJORN and ARNOLD, 1981). 
Besides these, also very massive negative ions were detected. Even better 
heavy ion data, however, were obtained in the same year (1978) by the MPIK 
group using the same type of instrument (ARNOLD et al., 1982; ARNOLD and 
VIGGIANO, 1982). Interestingly, the noctilucent cloud experiment represented 
the first case of an almost simultaneous flight of the MPIK instrument and the 
UB magnetic sector instrument. The flight of the UB instrument which took 
place about 20 minutes after the MPIK flight provided high resolution data on 
positive ions allowing unambiguous identification of the ions in the heavy 
positive ions layer at 90 km as H (H 2 0) clusters. However, the 
sensitivity and the mass range of the UB instrument were lower than those of 
the MPIK instrument. Furthermore, the height resolution was also lower. Thus, 
the UB instrument was capable of detecting H (HjO) clusters only up to 
n = 12 (see Figure 21). 

Further developments have included an ion mass spectrometer rocket payload 
which contained two ion mass spectrometers equipped with liquid neon-cooled 
cryopumps. This payload was used in a noctilucent cloud campaign on August 3, 



NUMBER OF WATER LIGANDS 

Figure 21. Detection of a thin layer of very massive 
cluster ions at the cold arctic mesopause during 
the 1978 noctilucent cloud campaign (from BJORN and 
ARNOLD, 1981). 
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1982 (SCHULTE and ARNOLD, 1985). The two instruments had different objectives 
and measuring programs. One measured negative ions with a very large mass 
range 1-800 amu and a high altitude resolution using the total throughput mode. 
In this mode, it was intended to achieve the maximum possible ion transmission 
of the instrument and thereby the maximum possible sensitivity, especially at 
higher masses. Furthermore, it was expected that a large variety of heavy neg- 
ative ion species would be present, in which case partial concentrations of in- 
dividual species would be rather small. Thus, many of these species may have 
fallen below the detection limit of the instrument. By integrating over all of 
these ion species (integral mode), however, many species may become detectable. 
The second instrument measured positive and negative ions using resolving modes 
so that actually simultaneous positive and negative ion composition measure- 
ments were made for the first time. A thin layer of very massive negative ions 
was detected around 82 km (Figure 22). It was suggested that these may repre- 
sent negatively charged microclusters or microaerosols of meteoric origin 
formed by electron attachment to "meteor smoke" particles originally proposed 
by HUNTEN et al . (1980). 



Figure 22. Detection of a layer of very massive negative 
ions around 90 km (from SCHULTZ and ARNOLD, 1985). 


A new parachuter-borne drop-sonde mass spectrometer payload (PFEILSTICKER 
and ARNOLD, 1984) has also been developed and was flown on January 31, 1984. 

The payload was equipped with two ion mass spectrometers and carried by a 
single-stage rocket to an altitude of 58 km. During ascent at 55 km, the para- 
chute was deployed (Figure 23) and measurements commenced. Continuous measure- 
ments were made between 50 km on ascent to 35 km on descent. The angle of 
attack of the payload was mostly less than 30 degrees and the payload velocity 
was always subsonic during the measuring period. Ion composition data were ob- 
tained between 58 km and 35 km. These represent the first detailed ion 
composition data in the stratosphere region above balloon heights and below 
about 60 km. Most striking results are the high sensitivity for ion detection 
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Figure 23.. Schematic representation of the flight 
operations of the parachute-borne drop-sonde ion 
mass spectrometer payload (Project "DROPMAS") of 
the MPIK group (from PFEILSTICKER and ARNOLD, 
1984). 


(detection limit around 55 km: about 0.1 ions per cm J ) and the very weak 

cluster ion fragmentation. This is clearly demonstrated by Figure 24. Here 
the measured H (HjO)^ clusters are compared with equilibrium model 
calculations using actually measured temperatures. At heights below about 50 
km, the most prominent proton hydrate observed is H + (H 2 0)^, consistent 
with the model. Above 50 km, H (H^O)^ becomes most prominent which also 
agrees well with the model. However, lighter proton hydrates, in particular 
HjO • ate always overrepresented suggesting that some breakup is still 
occurring. However, this remaining breakup is not stronger than expected for 
balloon-borne measurements (ARNOLD-et al., 1981).' 

Most recently, a second flight of the parachute-borne drop-sonde mass 
spectrometer payload equipped with a greatly improved quadrupoie mass spectro- 
meter providing much better mass resolution was carried out on May 14, 1985, 
over Kiruna. Again the measurements included both positive and negative ions 
but covered a larger altitude range (28 to 58 km) . A typical positive ion mass 
spectrum as obtained between 37 and 43 km is shown in Figure 25. The width of 
a mass peak at half peak amplitude is about 1.5 amu which is comparable to the 
best spectra obtained by balloon-borne ion mass spectrometers (full scan mode). 
The ions detected include H (H,o) n with n = (19). 2 (37), 3 (55), and 4 
(73), as well as H (CH_CN). (H-O) ions with 1 equal to 1 and. m equal 
to 0 (42), 1 (60), 2 (78), arid T (96). Besides these ions, clusters with 1 = 2 
and m = 0 (83) and m = 1 (101) are also present. 

The results of this flight are particularly encouraging since they prove 
that the new technique has the potential not only to complement but even to 
compete with balloon-borne ion composition measurements. " i! 
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Figure 24. Stratospheric proton hydrates as measured 
during the first flight of the parachute-borne 
mass spectrometer ("DROPMAS") of the MPIK group 
(from PFEIL STICKER and ARNOLD, 1984). 



Figure 25. Positive ion mass spectrum as obtained on 
the second "DROPMAS 11 flight using a greatly im- 
proved mass spectrometer (MOHLER and ARNOLD, 1985). 
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4. SUMMARY AND OUTLOOK 

During the last two decades, rocket-borne ion mass spectrometry has become 
a powerful tool for middle atmosphere ion composition studies and it has made a 
major contribution to our understanding not only of atmospheric ions but also 
of atmospheric trace gases and aerosols. An especially attractive aspect of 
this field of research appears to be analytical and diagnostic application of 
ion composition studies. Due to their close interaction with trace gases and 
aerosols, ions can serve as a powerful tool for probing trace gases and 
microaerosols in the middle atmosphere. This possibility is particularly 
attractive for species which cannot be detected by other methods, as for 
example, various metals, Cl-atcms, mesospheric and lower thermospher- 

ic water vapor, ^SO*. “PP 61 stratospheric HNO^, CH^CN, meteor smoke 
microclusters, noctiiucent cloud microclustersf and J several other species. 

By far, most of these measurements have covered only the altitude range 
above 70 km. Most of these were concerned with positive ions and only very few 
succeeded in providing negative ion composition data. Thus, our understanding 
of positive ions and their underlying processes at heights above 79 km is much 
better developed than that of negative ions. A major reason for the comparably 
poor knowledge of negative ions is that these are much more difficult to meas- 
ure. First of all, they become prominent only at heights below about 80 km 
(night) to 70 km (day), where total ion concentrations usually become small 
(lower than 1000 cm~3) and where the higher atmospheric gas pressures 
severely complicate mass spectrometer measurements. Another problem arises 
from the very large masses (several hundred amu) and the large variety of 
species of negative ions existing above 80 km, therefore, requiring 
particularly sensitive ion mass spectrometers with a very large mass range. 

Below about 70 km and above about 33 km, the composition of both positive 
and negative ions to date is only poorly explored. The region above 33 km has 
not been accessible to most balloon-borne ion mass spectrometer measurements, 
and previous rocket-borne measurements using ballistic rockets have usually 
provided good data only above 70 km. Below this height, the rocket-borne 
measurements severely suffered from poor sensitivity and dramatic cluster ion 
breakup. Only very recently has it become possible to extend high quality ion 
mass spectrometer measurements into the region below 70 km using a unique 
parachute-borne drop-sonde ion mass spectrometer method. This method has 
opened a new altitude region and should, in the future, have the potential to 
explore the entire region between -about 30 and 70 km. 

As far as the altitude region above 70 km is concerned, future ion 
research should focus on negative ions, particularly on the heavy negative ion 
layer around 82 km. Here, improved instruments with high sensitivity, mass 
range, and altitude resolution are required. Certain aspects of positive ions 
above 70 km still are of great interest, especially positive ions containing 
meteoric species as for example, . sodium. Another interesting field is positive 
ion clustering under conditions of low mesopause temperatures and the related 
question of ion-induced nucleation at the mesopause. Studies of these pheno- 
mena again require instruments with a large sensitivity, mass range, and 
altitude resolution. 

In view of the above scientific objectives for rocket-borne ion composi- 
tion studies in the middle atmosphere, the following future trends in instru- 
mental development emerge: one line of action should be an extension of meas- 

urements towards altitudes below 70 km using parachute-borne drop-sonde ion 
mass spectrometers. Another trend should be the development of instruments for 
studies of minor ion species existing above 70 km. These. should have an 
improved sensitivity, mass range and altitude resolution. To achieve a maximum 
height resolution, magnetic mass spectrometers equipped with a multiple 
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detector system, ideally a channelplate detector, would be suited since these 
allow to detect ion species of different mass simultaneously. However, the 
focussing efficiency of such instruments has to be improved to reach a higher 
sensitivity. 

In summary, it therefore appears that a new era in middle atmosphere 
rocket-borne mass spectrometry has begun, and this field of research will 
remain exciting and productive during the years to come. 
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Rocket-borne dc probes ha^e^Seen used extensively to stucfy the weakly 
ionized plasma in the lower ionosphere and upper stratosphere. Although based 
upon the same basic principle, the probes hav^-heen used in many different 
forms to measure both ion and electron densities, as well as electron tempera- 
ture, and in some cases, ion composition. In recent years, probes have been 
used successfully to study turbulence in the middle atmosphere.^^hi-s— paper-re- 
views the most important electrostatic probe techniques^tno* teecuss&s the ac- 
curacy 'and sensitivity of the different instruments^tTlustraleS'with sample 
measurements. The theory for the collection of ions or electrons by means of 
such probes in a collision-dominated regime is complex and not well developed. 
Some of the theoretical difficulties will be pointed out briefly. 


1. INTRODUCTION 


The middle atmosphere is weakly ionized. The ratio of the concentration 
of ions and electrons to the concentration of neutral atoms and molecules 
ranges from about 1.0E-14 at 30 km to 1.0E-7 near the 100 km level. All 
through this region, collisions between the ionized species and the neutrals 
are important, in fact, below 90 km, the behavior of the weakly ionized plasma 
is very strongly influenced by forces in the nonionized air, such as winds, 
waves and turbulence. Thermal equilibrium prevails here between all species. 
Above 90 to 95 km, the close coupling between ions, electrons and neutrals 
gradually weakens, and plasma phenomena become important. The use of rocket- 
borne plasma probes to stu<fy the middle atmosphere poses many problems, both of 
a theoretical and experimental nature. Very sensitive instruments are needed 
to collect the few charged particles along the rocket trajectory. Furthermore, 
the complex flow patterns near a space vehicle in a collision-dominated regime 
make the interpretation of the collected current in terms of ambient plasma 
parameters difficult. 

There are two kinds of plasma probes, the dc or electrostatic probe, 
which uses the electrostatic properties of the plasma, and the radio frequency 
probe, which exploits the high frequency complex impedance of a plasma. In 
this article, we shall discuss the most important types of dc probes and their 
use for studies of the middle atmosphere. Specifically excluded from this re- 
view are Gerdien condenser probes, which will be described in a separate chap- 
ter. The original Gerdien probe was a dc probe formed as a hollow cylinder 
with a central electrode. Such 'probes have been proven very useful for certain 
applications, particularly in the lowest part of the ionosphere. They have, 
however, some limitations. The air flow through the cylinder is, for example, 
very sensitive to the aspect of the probe in relation to the probe velocity 
through the medium. 


We shall first review briefly the basic principles of the dc probe, and 
discuss some of the limitations in the interpretation of the results, before 
giving a survey of the most important types of probes, illustrated with sample 
results. 
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2. PRINCIPLES OF THE DC PR CEE 


The dc probe is basically a very simple device, consisting of one or more 
electrodes inserted as diagnostic tools into the plasma to be studied. The 
electrode is given a potential relative to a reference, and the current flowing 
from the plasma to the electrode is measured. The term dc or electrostatic 
probe is normally used in a sufficiently broad sense to allow a slow variation 
(i.e., on time scales much larger than any plasma wave phenomena) of the probe 
potential. Unfortunately, the theory describing the current to the probe is 
far from simple, and in particular, the theory of dc probes on space vehicles 
moving through the upper atmosphere is beset with difficulties. In the brief 
article, it is impossible to give an exhaustive review of the subject. The 
literature is very extensive, and reviews have been given by CHUN3 et al. 
(1975), FOLKESTAD (1970), and YORK et al. (1982). Here we shall have to be 
content with a mere mentioning of the most important topics. 

2.1 The Sheath Region 

When the probe is inserted in a plasma, the plasma will in general be per- 
turbed, and a region of unequal concentrations of positive and negative charges 
will form close to the probe, with a corresponding change in electrostatic 
potential. The charge separation and associated electric field is created and 
maintained by the thermal energy of the plasma. The transition ozone is called 
the sheath region. The extent of this region is often described in terms of 
the Debye length: 

X D = 6.9 7T e /N e (cm) (1) 

where T is the electron temperature in Kelvin and N is the concentra- 
tion of free electrons measured in cm(-3). In this simple expression, the 
effect of ions (which have small mobilities) has been ignored. The Debye 
length only gives a rough indication of the thickness of the sheath. In 
general, the structure of the disturbed region varies widely with the plasma 
parameters, as well as with the applied potential and geometric form of the 
electrode. Figure 1 illustrates schematically the charge density distribution 
near a negatively biased electrode. Far from the body, the plasma is almost 
neutral, the electric field is weak and the electrons and ions drift under the 
influence of ambipolar diffusion. At smaller distances, the imbalance between 
the ion and electron concentrations gradually builds up. Close to the surface 
of the probe, there may be an ion sheath, which is almost totally devoid of 
electrons. 



DISTANCE FROM ELECTRODE — 


Figure 1. Schematic illustration of the 
charge density distribution near a 
negative electrode. 


2.2 Equilibrium Potential of a Space Vehicle 

In most applications of probes in the upper atmosphere, the space vehicle 
itself provides the return electrode in the probe circuitry. The impedance of 
the vehicle relative to the plasma will therefore influence the measurements. 

If the voltage of the probe varies slcwly (in the sense discussed earlier), one 
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may assume that the spacecraft 'is at an equlibrium potential. This means that 
the current balance equation reads: 

I e + I_ + I + + I (secondary) •= 0 (2) 

where I e » I_ and I + are currents due to electrons, negative and positive 
ions, respectively. There may also be a contribution I (secondary) due to sec- 
ondary emissions of various types. 

The current return problem becomes particularly important when the elec- 
trode potential is varied, and a constant reference potential is needed. This 
problem has been discussed in the literature by, for example, BOYD (1968) and 
HXLLMDRE (1965).. A practical way to solve the problem is to construct elec- 
trodes with areas which are small compared to the surface area of the space- 
craft. Required surface ratios are of the order of 10E-3 to 10E-4. It will be 
of interest for the subsequent discussions’, to consider briefly the current- 
voltage characteristic of a probe, as shown schematically in Figure 2. The 
effective impedance of the plasma to the spacecraft is defined by the deriva- 
tive of the current-voltage characteristic and depends upon how the equlibrium 
potential is established. 

- h 


<t> p 

Figure 2. Typical current-voltage (CV) 
characteristic curve for single probe 
operation. 



The qualitative behavior of the curve in Figure 2 may be explained as 
follows: for large negative values of the probe potential, all electrons in 

the vicinity of the probe are repelled from it, and the probe collects an ion 
current, determined by natural ion diffusion. When the voltage is made less 
negative, the most energetic electrons in the plasma will reach the probe and 
contribute to the current. At the point B, the electron and ion currents 
balance, and the net current is zero. This point is called the floating 
potential, and is negative with respect to the plasma. As the probe potential 
changes towards still smaller negative values, the probe attracts more 
electrons and the current rises sharply. If the electron energy distribution 
is Maxwellian, the rise will be exponential and the electron temperature may be 
derived from the slope of the curve. 7 inally, after the probe potential has 
become positive with respect to the plasma, the electron current will reach a 
saturation value les, determined by electron diffusion to the probe. The 
plasma potential is defined as the potential at which the current voltage 
characteristic has a kink, or a knee, at the top of the exponential part of the 
curve. In practice, the plasma potential is often difficult to determine 
because the measured transition from the steep slope to the saturation region 
is gradual . 
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The dc probes launched'on sounding rockets may.be operated at fixed or 
sweeping probe potentials, and the choice of fixed potential determines whether 
ion or electron current is measured. A sweeping probe can, when high time 
resolution is sacrificed, measure the current-voltage characteristic, so that 
in principle both ion and electron saturation currents, as well as electron 
temperatures, are measured. In the next section, we shall discuss some factors 
which determine the current collection efficiency of rocket-borne probes, with 
emphasis on problems encountered in the middle atmosphere. 


2.3 Factors Influencing DC-Probe Measurements in the Middle Atmosphere 

The environment encountered by a rocket-borne dc probe is very different 
from the idealized situation in which the probe is inserted into a stationary, 
homogeneous and isotropic plasma. Several factors have important consequences 
for the interpretation of the measurements: 

During its flight, the probe may be exposed to electromagnetic and 
particle radiation which may cause secondary emission from the probe surface. 
Solar ultraviolet radiation with energies exceeding the work function of the 
probe surface material will, thus cause emission of electrons from the surface. 
In order to minimize this effect, a material with a high work function, such as 
gold or nickel, is preferable, but other factors may determine the ultimate 
choice of material. The bombardment of the probe surface by precipitating 
energetic electrons and protons is particularly important in the auroral 
regions. The effect on the equilibrium potential is difficult to assess, but 
significant disturbances may occur during intense auroral events (FOLKESTAD. 
1970). 


One of the most vexing problems in probe application is the difficulty in 
ensuring that the probe has a clean uniformly conducting metallic surface. The 
surface may be easily contaminated, both before and during the flight, by 
oxidation or deposits of materials that may change the work function in an 
unpredictable manner. Such contamination may change completely the properties 
of the probe. A practical solution to this problem is to cover the probe 
surface with aquadag, an emulsion of carbon particles, which creates a 
uniformly conducting surface layer. In some experiments the probe surface is 
exposed to the air during the rocket launch, and the aerodynamic heating during 
the flight through the lower atmosphere can efficiently clean the surface. 
Another approach, used by ARNOLD et al. (1977) is to keep a carefully cleaned 
probe sealed in vacuum before and during launch, and to expose it to. the 
atmosphere where the measurements start, near 60 km altitude. In general, 
there are no completely satisfactory solutions to the surface contamination 
problem. 

For sounding rockets, the flight velocity V r is always much smaller than 
the thermal velocity V of the electrons, so that the probe may, to a first 
approximation, be considered stationary with respect to the free electrons in 
the plasma. On the other hand, a sounding rocket moves faster than the thermal 
velocity of. the ions. A rocket with its apogee near 100 km, that is at 
the top of the. middle atmosphere, will travel with a velocity which varies from 
a few times V. to % V • near apogee. As a consequence, the ion. capture 
efficiency ana the rocket equilibrium potential will depend upon the magnitude 
of the velocity vector, the geometry of the rocket, and its orientation. 

The ionospheric plasma is anisotropic due to the earth’s magnetic field. 
The fact that the charged particles spiral along the field lines will diminish 
the effective capture area of the probe for electrons, whereas the ion 
collection is not significantly impeded (WHIPPLE, 1965). In the middle atmo- 
sphere, where collisions between charged particles and neutrals are important, 
such effects are, in practice, of minor significance. 
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The middle atmosphere is weakly ionized and the motions of the charged 
particles will, through collisions, be determined by the motions of the neutral 
molecules. Only at the top from about 95 km, will the free electrons and ions 
gradually lose their strong coupling to the nonionized air. The mean free 
paths of the atmospheric constituents and their relations to the Debye length 
and the probe dimension are, therefore, important in determining the flow 
conditions near the probe. The Knudsen number, Kn = X/L where X is the mean 
free path of a neutral particle and L is the probe dimension, has been used on 
an empirical basis to distinguish between three different kinds of flow: 

a) For Kn < 0.01 the body is in a continuum regime and a hydrodynamic 

description applies. 

b) For Kn > 10 the body is in a free molecular low regime and kinetic 

theory may be used to describe the particle motions. 

c) In the intermediate range 0.01 < Kn < 10 there is a transition regime 

where no adequate flow description is available. 

Unfortunately, in the mesosphere the probe dimensions are often of the same 
magnitude as the mean free paths, so that adequate flow description is 
difficult. In the stratosphere case a) normally applies. 

Theories for probes in free molecular flows commonly require that X/Xp 
>> 1 implying that a particle does not collide in the region where it is under 
the influence of the probe potential. Again, this criterion is not in general 
fulfilled in the middle atmosphere. 

Figure 3 summarizes the typical numerical values of the length parameters 
just discussed in the ionosphere and middle atmosphere (FOLKESTAD, 1970). 

Probe dimensions in sounding rockets are normally of the order of a few 
centimeters to 15 cm. The figure clearly illustrates the following important 
features : 

a) The upper limit for the continuum regime, as defined ly Kn < 0.01, is 

normally between 80 and 50 km. 

b) The condition Xd<< L cannot be fulfilled in the middle atmosphere, 

which implies that the complex sheath region extends far into the 

plasma. 

c) The electron gyroradius is of the same order as the probe dimension L, 

whereas the ion gyroradius is significantly larger than L. 


Figure 3. Typical numerical values of 
length parameters in the ionospheric 
plasma. 
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It is thus clear that a probe passing through the height region 30 to 100 
km meets a variety of different operating conditions. - 

In addition to the factors discussed above, the aerodynamic effects add a 
new class of problems.. A rocket reaching an altitude of 100 km or more travels 
at supersonic speed through most of the middle atmosphere. In the continuum 
regime, a shock front will form near the probe. From the previous discussions, 
we must expect that for a ballistic missile a shock front is unavoidable below 
80 to 90 km. Behind the shock front, the air is compressed and heated, and due 
to the viscosity of the gas, large velocity gradients exist in a viscous 
boundary layer close to the probe surface. The form and extent of the shock 
region depend upon the geometry of the vehicle. A critical question is whether 
the ionization balance behind the shock is disturbed relative to the ambient 
plasma (see for example, the recent discussion by YORK et al., 1982). 

Typically, the pressure and temperature behind the shock may increase by 
factors of three to four, but the air will flow through the shock and pass the 
probe in a very short time interval, of the order of one millisecond. 
Nevertheless, it is possible that fragile species such as complex cluster ions 
may break up in the shock, and that this is a problem for mass spectrometry in 
the middle atmosphere. For measursnents of total ion and electron density how- 
ever, the assumption of "frozen chemistry" is believed to be a good 
approximation (SONIN, 1967). Parachute-borne probes have been successfully 
used to measure at subsonic velocities and thus avoid the shock effects. These 
probes will be discussed later. 

From the above discussion, it should be obvious to the reader that the 
interpretation of middle atmosphere dc-probe measurements is not straight- 
forward. Nevertheless, such techniques have yielded a great deal of very 
useful information which could not easily have been obtained by other means. 
Often, the difficulties may be solved by combining probe techniques with other 
types of measurements. 

3. A SURVEY OF DO-PROBE TECHNIQUES 

In this section, we shall discuss the most important probe techniques 
which have been used for middle atmosphere studies, illustrated with sample 
measurements. 

3.1 The Langmuir Probe 

The Langmuir probe technique measures the current-voltage characteristic 
of an electrode exposed to the plasma, by sweeping the voltage applied to the 
electrode. From each sweep of the type shown in Figure 2, the ion and electron 
saturation current as well as the electron temperature may, in principle, be 
derived. For a retarding potential, the electron current density, j , at the 
electrode is described ty: 

3 = J 0 exp (eV/kT e ) (3) 

where V is the retarding potential. A semilogarithmic plot of j versus V will 
produce a curve where the slope in a certain interval is inversely proportional 
to electron temperature. With a positive (electron-accelerating) potential ap- 
plied to the electrode, the current density to a small spherical electrode is 
given by : 


j = j o (l + eV/kT e ) (4) 

When the probe is held at a constant positive potential, the current flowing to 
the electrode is proportional to the local electron density. It should be 
noted here that, because of all the complications described in the preceding 
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section, the constant of proportionality is difficult to determine in the 
middle atmosphere. It is therefore necessary to calibrate the probe 
measurements using other techniques, as discussed belcw. 

The use of Langmuir probes in ionospheric rocket research dates back to 
the late 1940s (HOCK et al., 1953). A recent description . of a modern probe of 
such a type is given by DURKIN and SMITH (1981). The basic block diagram of 
the system is given in Figure 4. Various types of electrodes have been used in 
practice, such as spherical and cylindrical probes mounted on booms or at the 
front of the rocket payload. A common configuration has been a conical 
electrode positioned at the tip of the rocket nose cone and insulated from the 
rocket body. ROSE and WIDDEL (1977) have flown "guard ring probes" of this 
type. SMITH (1969) has shown that the electron current collection efficiency 
of the conical electrode is sensitive to the orientation with respect to the 
earth's magnetic field. For the most recent probe DURKIN and SMITH have there- 
fore chosen an ogival electrode, that is an electrode with a shape generated 
by a rotating circle segment. The probe voltage is swept from -1 V to +3 V, 
and the currents collected are in the range 1.0E-9 to 5.5E-5 Amps. These 
values are typical for Langmuir probes in the lower ionosphere. Durkin and 
Smith use different sweep modes during different parts of the rocket flight. 
Below 90 km, the probe voltage is held at a constant positive potential in 
order to achieve high resolution meat .rements of electron density, whereas a 
sweep rate of 10 Hz is used above 90 km to obtain electron temperature as well 
as electron density. The design of the electronic circuits is described in the 
report by Durkin and Smith. In general, electron temperatures in the middle 
atmosphere are too low to be measured accurately with this technique, and only 
density measurements are discussed in the present article. Figure 5 shows an 
example of electron-density prof iles measured by the Langmuir- probe technique. 

It is common practice to combine the probe measurements with simultaneous meas- 
urements of Faraday rotation and differential absorption. The latter experi- 
ments provide absolute values of electron density and can resolve height struc- 
tures of scales of the order of kilometers, that is with fairly poor height 
resolution. The probe on the other hand, can yield, high resolution measure- 
ments and resolve scales of a few meters using the reasonable assumption that 
probe current is proportional to electron density over small height intervals 
(for example, 1-2 km) . Such techniques have been employed by a number of 
authors (see for example: MECHTLY et al., 1972; MECHTLY and SMITH, 1970; 

FOLKESTAD. 1972; BENNETT et al.. 1972; HALL. 1973). The accuracy of the elec- 
tron densities obtained with the combined techniques has been discussed by 
THRANE (1974) and by MECHTLY (1974). 


PROBE 

ELECTROOE 



Figure 4. Block diagram for a 
Langmuir probe. 


3.2 Screened Electrostatic Probes 

The dc probes, with one or more grids between the plasma and the current 
collecting electrode, have been used to study both electron and ion densities 
in the lcwer ionosphere. The grids may serve several purposes, such as rejec- 
tion of unwanted ambient particles, reduction of the effects of secondary 
emissions, and to make possible an analysis of the energy distribution of the 
constituents of the plasma. 
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Figure 5. Electron-density profiles 
obtained with the Langmuir probe 
technique. 


Plane-gridded analyzers have been described in the literature by. for 
example, WHIPPLE and PARKER (1969) and reviewed by BOYD (1968). Here we shall 
briefly discuss an experiment developed by SPENNER et al. (1977). Their 
instrunent consisted of two retarding potential analyzers (RPA) mounted on 
double booms in sounding rockets launched during the European Winter Anomaly 
Campaign in 1975 (OFFERMANN, 1977). Figure 6 shows schematically the design of 
their probe.- which has altogether 5 grids in front of a small plane collector. 
The large first grid and the guard ring surrounding the collector provide 
radially uniform particle- flux about the sensor axis. The collector samples 
only electrons or ions from this uniform central region. With suitable 
potentials applied to the 5 grids, different kinds of charged particles can be 
sampled and analyzed. The experiment works in three different modes: a "tem- 

perature mode" which provides the electron temperature and the relative 
electron density, an "ion mode" providing the ion density, and s "photoelectron 
mode" which yields the energy distribution of suprathermal electrons. The 
experiment gave useful information on ion and electron density in the middle 
atmosphere down to about 90 km, although it was primarily designed for E-region 
studies. 


6) G2 63 G4 Gs 



Figure 6. Schematic illustration of 
the design of a planar retarding 
potential analyzer (RFA). 
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Single grid spherical sensors have been used successfully both to measure 
ion and electron densities below 100 km. Figure 7 shows a schematic diagram of 
this type of probe. Because of its simple geometry, the theory is better 
developed than for many other configurations (SAGALYN et al., 1963; FOLKESTAD, 
1970). The sensor is normally operated under saturation conditions, that is, 
the collector bias is sufficiently large (positive or negative) so that all 
particles of the wanted polarity passing through the grid are drawn to the 
collector, and charges of the opposite polarity are all rejected. A simple 
probe of this type, designed to measure positive ion density in the D region, 
has been described by FRIEDRICH et al. (1977). They use a negative bias 
voltage on the collector of -22.5 V, whereas the grid is at rocket body 
potential. The block diagram for the instrument is shown in Figure 8. A 
multirange electrometer measures currents in the range 2E-10 to 2E-7 A. The ion 
current is a function of the rocket velocity, the ion temperature and the 
effective cross section of the probe. 


Figure 7. Single grid spherical probe. 




Figure 8. Block diagram of constant voltage positive ion 
probe (FRIEDRICH et al., 1977). 


Figure 9 shows an example of measured nighttime ion densities, normalized 
to the absolute values of electron density at heights above 80 km. The height 
variation of from the probe and from the Faraday rotation measure- 
ments are very similar above 80 km, justifying the normalization. The 
discrepancy belcw 80 km is, at least partly, due to the presence of negative 
ions. Such a procedure is commonly used to derive A = N_/N , where N 
is the concentration of negative ions formed by attachment of electrons to 
neutral molecules (see for example, BJORN et al., 1979). Bearing in mind the 
problems discussed in Section 2.3, the values of N_ derived in this manner 
should be regarded with caution. 
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Figure 9. Nighttime positive ion and electron densities 
measured in the auroral zone, at Andoya Rocket Range, 
o — o — o positive ion densities measured by a dc probe. 
— — electron densities measured by the Faraday 

rotation and differential absorption technique. 
The probe results have been normalized to the electron 
density at heights above 80 km (BREXKE et al., 1984). 


3.3 Blunt Probes 

During normal ionospheric conditions, the rocket techniques described 
above yield information about ion or electron densities down to altitudes of 
about 60 km. The ionospheric D region and the very interesting and 
photochemical ly complex region below 60 km, have been explored by means of 
"blunt probes" and by Gerdien probes. These probes are equipped with 
parachutes, and are released from sounding rockets in the upper D region. They 
fall at subsonic speeds through the lower D region (mesosphere) and 
stratosphere, thus avoiding the complicated effects associated with a shock 
front. 

The blunt probe is a two-electrode instrument for measuring the bipolar 
conductivity of a weakly ionized plasma. The original instrument was designed 
at The Pennsylvania State University and is described by HALE et al. (1966). 
Figure 10 shows the instrument as deployed during flight (HALE, 1974). The 
collector is an aluminum disk surrounded by a guard ring held at the same 
potential as the collector, and the return electrode is the housing for the 
electronics and power supply. The configuration is insensitive to the angle of 
attack of the flow and to secondary emission from the collector due to solar 
ultraviolet radiation. The electronic circuits of the instrument have been 
described by MITCHELL (1973). A sweep voltage generator applies a known wave- 
form between the two electrodes, and a sensitive electrometer measures the 
collected current. In this way, the conductivity of the surrounding plasma may 
be measured. 

In a recent article, YORK et al. (1982) have discussed the ion and 
electron collection by blunt probes in the middle atmosphere. They conclude 
that blunt probes may be used with confidence to measure conductivities, but 
that there are difficult outstanding questions regarding the relationship of 
conductivity to charged particle concentrations. For ions, the question is 
whether fragile ion clusters exist which may break up in the vicinity of the 
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Figure 10. Parachute-borne blunt 
probe (HALB, 1974). 


probe, thus altering the ion composition. If the collection process does not 
affect the ion composition, the positive ion density may be expressed as: 

N i = (o + /ev +o ) < T o p/T p o } (6) 

where u + q , T q and p Q are the mobility, temperature and pressure, respec- 
tively, reduced to sea level standard conditions. The conductivity is derived 
from the measurements as: 

a + = (R/2r col 2 ) | dI + /dV | (7) 

where R is the outer radius of the guard ring and r co ^ is the radius of the 
collector. 

For electrons, the scaling is quite different, since the electrons have 
much higher drift velocities than the ions. Using a height dependent scaling, 
YORK et al. (1982) found reasonable agreement between the electron densities 
from the blunt probe and electron densities derived form Faraday rotation meas- 
urements and ground-based partial- ref lection measurements. The comparison was 
possible for heights between 60 and 80 km; below 60 km, independent checks of 
the blunt probe electron densities are still missing. Figure 11 shews a set of 
measured conductivities, and Figure 12 shews a comparison between electron 
densities obtained by different methods. Note that the electron density 
derived from the blunt probe data is fairly constant between 70 and 50 km and 
then decreases with decreasing height. 

3.4 Measurements of Turbulence in the Middle Atmosphere 

In recent years, dc probes have proven useful in studies of fine structure 
and turbulence in the lower ionosphere. The role of neutral air turbulence in 
the energy budget of the middle atmosphere is not well known, and there is 
an urgent need to map the small-scale dynamical features in order to understand 
how heat and minor atmospheric constituents are transported. In the weakly 
ionized air below about 100 km, the lifetime of an ion against recombination is 
long compared to the lifetime of a turbulent eddy, and the ions may.. be used as 
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Figure 11. Variation of blunt probe conductivity measurements 
during winter conditions (YORK et al., 1972). 



Figure 12. Comparison of height variations of electron density 
predicted from blunt probe measurements with electron 
densities from other techniques (YORK et al., 1982). The 
formulae indicated in the figure give the expressions used 
to derive electron densities from measured conductivities 
indifferent height ranges. 


passive tracers for small-scale irregularities in the neutral gas. A rocket- 
borne dc probe, with its capability for high sampling rate of ion or electron 
current, therefore, offers unique opportunities for studies of such irregulari- 
ties. Theoretical aspects of fluctuations in D-region ionization due to tur- 
bulence have been discussed in detail by HILL and BCWHILL (1976). 

THRANE and GRANDAL (1981) and THRANE et al. (1985) have measured the fine 
scale structure of positive ion density with spherical, gridded dc probes. The 
instruments have been described by GRANDAL et al. (1981), and the electronics 
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by CHRISTBJSEN (1981). The probe consisted of an inner spherical collector 
with diameter 11 cm, and an outer concentric spherical grid with diameter 12 cm 
(see Figure 13). The collector housed the 7 decade electrometer, power supply, 
PCM encoder and VHP telemetry transmitter. The collector was biased with -7 V 
with respect to the outer grid. The current was sampled every 0.5 ms and the 
measured value telemetered to the ground as 12-bit words. 



Figure 13. The mechanical design of the 
electrostatic probe used by THRANE et al. 
(1985). The inner grid serves as a 
collector and is biased by -7 V relative 
to the outer grid. The inner sphere 
houses the electronics. The two halves 
of the sphere are held together by a 
metal belt which is mounted on a base 
at the top of payload E4. For the 
rocket El, the two free-flying probes 
have telemetry antennas mounted on 
the belt. (See text.) 


Such probes were used in an experiment designed to measure the ion density 
at three points in space simultaneously (THRANE et al., 1985). This was 
achieved in the following way: Two rockets, code-named El and E4, were 

launched simultaneously. Rocket E4 carried a dc probe mounted at the top of 
the payload, and rocket El carried two probes which were released as dropsondes 
from the main El payload during the upleg part of the rocket trajectory. The 
two El dropsondes contained their own telemetry, but were otherwise identical 
to the E4 probe. The El probes were released sideways from the main payload 
near a height of 65 km and moved slowly away from the main payload during the 
rest of the flight. At the same time, the E4 payload followed a parallel 
trajectory a few km aw ay in the horizontal direction. The three probes thus 
followed closely adjacent trajectories through the lever ionosphere, and at 
each height independent measurements of ion density were obtained at three 
points in space. The observations can be used to provide information about the 
horizontal as well as the vertical structure of irregularities in ion density. 

A detailed study of the cross correlation between the data from the three 
probes is in progress (T. Blix, private communication). Figure 14 shews an ex- 
ample of ion currents measured near 75 km with three probes. 


Using the assumption of "frozen chemistry" and the fact that the probes 
moved through the medium at three times the thermal speed of the ions, a 
spectrum of spatial irregularities along the probe trajectory may be derived 
for each probe, for selected height intervals. The relation between probe 
current I and ion density may be written: 


I 


N. 


a y 

ef f v r 


( 8 ) 


where e is the ionic charge, a e £t is the effective probe cross section and 
V is the probe velocity. The difficulties in determining the effective 
current collection cross section may be overcome by considering not the 
absolute currents, but the fluctuations relative to a reference, for example 
a running mean. By differentiating (8) and assuming that ° e ££ and V r vary 
slowly with height, one obtains: 


AI/<I> = AN £ /<N i > 


(9) 
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Figure 14. Example of simultaneous measureaents of D-region 
fine structure in positive ion current by means of three 
probes (GRANDAL et al., 19S1). The curves labelled I and 
II refer to dropsondes which are about 40 meters apart in 
the horizontal plane. The curve labelled III refer to a 
probe mounted on a rocket payload flying at a distance of 
3.7 km from the two other probes. The regular oscillations 
observed by probe III are due to a spin modulation. The 
current values are relative, and the curves have been shifted 
along the vertical axis to keep them apart. 


THRANE and GRANDAL (1981) have shown that for small height intervals, the 
fluctuation in neutral density is: 

An/ <n> = F (AN^/<N i > (10) 

where the constant F is determined from the mean height variations of neutral 
gas density and temperature. Once the neutral density fluctuation intensity is 
known, information about the neutral air turbulence, such as eddy diffusion and 
energy dissipation rates, may be derived (THRANE et al., 1985). Figure 15 
shows an example of the results of a Fourier analysis of probe data from a 
height interval of about 1 km (2048 data points). The basis for the spectrum 
is the curve labelled I in Figure 14. The dotted line in Figure 15 represents 
the slope of the spectrum, in this case represented with a spectral index of 
-2.5. The spectral index expected from theories describing isotropic and 
homogeneous turbulence is -5/3. Note that the spectral power is given as a 
function of frequency. Using the known probe velocity, the frequency scale may 
be translated into spatial scales of the irregularities, as indicated in the 
figure. 

Several attempts have been made recently to study mesospheric 
irregularities with rocket-borne probes and ground-based radars simultaneously 
(THRANE et al.. 1981; HOCKING and VINCENT, 1982; ROYRVIK and SMITH, 1984). The 
results are suggestive and interesting, and on the whole the use of dc probes 
for in situ studies of small-scale irregularities opens up a promising line 
of research, that yields information which is otherwise difficult to obtain. 
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Figure 15. Power spectrum of ion density fluctuations derived 
from the curve labelled I in Figure 13. The spectrum is based 
on 2048 data points centered at 75.8 km. The frequency scale 
is obtained when the data string is regarded as a time series. 
Using the known probe velocity through the medium, the length 
scales may be derived (THRANE et al., 1984). 


4. CONCLUSION 

The aim of this review has been to demonstrate the versatility and 
usefulness, and also the limitations of electrostatic probes in middle atmo- 
sphere research. The main advantage of the dc probes is the simple experi- 
mental technique that all ewe the instruments to be launched on fairly small, 
inexpensive rockets. The disadvantages lie in the complex interpretation of 
the results and the present lack of adequate theories which can link the 
measured currents and conductivities to plasma densities. Both theoretical and 
experimental work are needed to solve the important outstanding problems. In 
particular, more information is needed about the very weakly ionized plasma in 
the stratosphere. Of the techniques discussed above, only the blunt probe and 
the Gerdien probe have provided data about ion and electron densities below 60 
km, and these results need confirmation from independent experiments. From the 
point of view of synoptic studies, the presently available information about 
the middle atmosphere is scarce. Future developments of electrostatic probe 
theory and technique offer opportunities for filling some gaps in our knowledge 
of this interesting part of the earth' s atmosphere. 

Finally, it should be pointed out that the literature on probe theory and 
application i6 vast, and this brief review makes no claim to completeness or to 
do justice to all the important work which has been done. It is hoped, how- 
ever, that the examples and references given here can provide a basis for fur- 
ther study for those not familiar with the field. 
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An overview of rocket probe techniques for measuring middle atmosphere ion 
properties is presented j.n th i - s — p a pet. The measured parameters include conduc- 
tivity, ion mobility and number density, all of which characterize the region's 
electrical structure. Particular consideration is given to the Gerdien con- 
denser because of its capability to measure all three of these ion quantities. 
This probe ha^S^n adapted for flight operation while either attached to a 
rocket or, more often, descending on a parachute. The use of a parachute 
potentially enhances the probe's measurement capabilities and also it lessens 
detrimental flow effects on ion collection. 

From the brief presentation of measurement results, it is demonstrated 
that a variety of presently flown probe systems, both supersonic and subsonic, 
show general consistency in measuring conductivity; and, in fact, they occa- 
sionally have been combined to enhance overall investigations. Also, it is 
observed that electrical conductivity is the most variable of the three para- 
meters, having a strong dependence on temperature, solar conditions, and local 
ionization sources. 


A comparison of positive ion mobility measurements obtained by diffgjrent 
"Gerdien condensers also demonstrates generally good agreement between-'flie 
various supersonic and subsonic probe systems. Of particular interest are the 
very small-valued positive ion mobilities, observed by sey.erat^dif ferent exper- 
imental groups, which are thought to indicate the presence of charged particu- 
lates in the middle.atmosphere. The Gerdien condenser is important for the 
measurement of these charged species whicjr--appear too large for identification 
by presently flown ion mass spectrometers. The density of these very large 
positive ions is approximately,^) ^ 3 . . bel cw 65 km, which is somewhat 

smaller than the concentration of light ions; and then it appears to increase 
at higher altitudes, -"although such observations'‘arejnore limited. Opportuni- 
ties for comparing different ion density probe techniqiies-^re limited; however, 
one example showing general measurement consistency is present'ed~-f or supers onic 
eleptfostatic ion probes and parachute-borne Gerdien condensers. 


INTRODUCTION 


Rocket probe techniques for measuring middle atmospheric bulk ion proper- 
ties, specifically electrical conductivity, ion mobility and charge number 
density, are considered in this paper. Some of these probe systems are 
designed to operate supersonically while either attached to or after ejection 
from the rocket; other payloads are flcwn on a parachute after separation from 
the rocket near its apogee. In some cases, the same basic probe has been 
adapted for different flight configurations. 

Measurements of middle atmospheric electrical structure are important to 
studies of electrodynamic processes and to ionization investigations in the 
region. Specifically, the mapping of electric fields and the resultant charged 
particle currents are affected by the region's electrical conductivity (MAYNARD 
et al., 1984; CROSKEY et al., 1985). Also, the parameters of global electri- 
cal circuit models (HAYS and ROBLE, 1979) and their associated electrical 
response characteristics (HALE, 1984; HOLZWORTH et al . , 1985) are dependent on 
atmospheric electrical conductivity. 
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The characterization of ions by their mobility values and the determina- 
tion of their associated number densities are important to the understanding of 
middle atmospheric ion processes. Relatively small-valued positive ion 
mobility measurements, as first obtained by ROSE and WIDDEL (1972). are 
believed to indicate the presence of charged particulates in the middle atmo- 
sphere. ion species of such large mass sizes (in the range of 10 3 to 104 
AMU) have .heretofore been unmeasurable in situ by quadrupole mass spectro- 
meters. These .observations, although relatively limited in number, have been 
reported by several different experimental groups for a variety of geophysical 
conditions (CROSKEY et al., 1977; CONLEY et al., 19 83; MITCHELL, 1985). The 
significance of these ion species to middle atmospheric electrodynamics is cur- 
rently under investigation. * < 

An overview of probe techniques with regard to the different ion parameter 
measurements (electrical conductivity, ion mobility, and charge density) is now 
presented. While some probes, by virtue of their particular collector geo- 
metry, measure specifically one or possibly two of these bulk ion properties, 
the Gerdien condenser's electrode configuration is suitable for measuring all 
three of them. Hence, primary consideration will be given to the development 
of this particular probe technique. Also, a brief review of measurement 
results is included as a basis for probe intercomparisons and to illustrate 
nominal ion parameter values. 


ELECTRICAL CONDUCTIVITY 

The positive and negative components of electrical conductivity are each 
proportional to the summation of products formed by multiplying all respective 
charge densities of like polarity by their associated mobility values. A 
variety of probe configurations designed to operate either supersonically or 
subsonically have demonstrated generally good consistency in their measurement 
Of this paraneter. The two most frequently used parachute-borne probe tech- 
niques have been the blunt probe (HALE et al., 1966) and the Gerdien condenser 
(PEDERSEN, 1964; CONLEY. 1974; MITCHELL et al., 1982). An illustration of 
one kind of blunt probe in flight is shown in Figure 1. This particular mini- 
aturized version can be flown on the small Super-Loki rocket, which makes it a 
payload suitable for launching at most meteorological rocket facilities. The 
relatively small collecting electrode, oriented downward in flight, consists of 
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a disk-shaped collector and a concentric, annular guard ring. The larger 
cylindrical return electrode provides a low impedance path to the surrounding 
plasma and it also shields the electronics housed inside. A positive ion cur- 
rent is measured at the collector when it is biased negative with respect to 
the return electrode; and conversely, a positive voltage applied to the 
collecting electrode results in the collection of negatively charged species. 
In practice, a kncwn voltage waveform swept through both polarities results in 
the alternate collection of positively and negatively charged species, and 
hence both polar components of electrical conductivity are measured. 


The theory for charged particle collection by the blunt probe, developed 
by HOULT (1965) and SONIN (1967), yields the following current-voltage relation 
applicable for evaluating electrical conductivity: 


I 


+ 



V 


( 1 ) 


In this equation, I + and, correspondingly, o+ represent either polar 
component of charged particle current and electrical conductivity, respective- 
ly. The radius of the collector disk is r, and the guard ring's outer radius 
is R. Finally, the collecting electrode's potential with reference to the 
plasma is V. In measuring conductivity, the blunt probe has negligible angle- 
of-attack dependence to flow which makes it well suited for flights where para- 
chute swing might be a problem. This was one reason for the preferential use 
of blunt probes up through the early 1970s. The particular electrical para- 
meters measurable with this planar collector surface openly exposed to the 
plasma generally have been limited to the two polar components of conductivity, 
although some recent theories have considered the application of this probe 
technique to measuring electron density (YORK et al., 1982). 


The Gerdien condenser has a concentric cylindrical electrode geometry, 
with charged particle collection occurring from the axially directed air 
flawing between the two electrodes. A particular parachute-borne Gerdien con- 
denser, included with deployable probes for measuring atmospheric electric 
fields (CROSKEY et al., 19 85), is shown in Figure 2. This payload would be 
launched using a Super-Areas rocket. The inner electrode, not visible in this 
picture, consists of a collector and a guard cylinder virtually at the same 
voltage to reduce fringing field effects on charged particle collection. Any 
fringing field effects at the probe's orifice are designed to be minimal. The 
outer return electrode shields the inner electrode from the environment, and 
ideally it and the payload skin are both "locked" to the plasma's potential. 


The electrode configuration for this instrument, including its inner col- 
lector and guard electrode and the outer return electrode, is drawn in Figure 
3. A negative probe voltage applied to the inner electrode, with reference to 
the outer return, will result in the collection of positive ions as illustrated 
in this figure. Likewise, a positive voltage on the collecting electrode, with 
reference to the return, would result in the collection of negatively charged 
species. An idealized Gerdien condenser current-voltage characteristic is 
shown in Figure 4 for the particular case of charged particle collection 
involving: two different positive ion mobility groups, electrons, and a single 
mobility group of negative ions. The solid curve for positive current corre- 
sponds to the collection of positive ions including both ion mobility groups; 
each of their current components is shown by dashed lines. Likewise, the two 
mobility groups of collected negatively charged particles are each represented 
by dashed lines, and the total negative current is shown as a solid curve. 

The linear region of operation for the Gerdien condenser occurs at probe 
voltages sufficiently small such that no mobility group is completely collected 
from the air sample. Specifically, the linear region for positive ion current 
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Figure A. Idealized Gerdien condenser 
current-voltage characteristic in- 
cluding two positive ion mobility 
groups, electrons and one negative 
ion mobility group. 


in Figure A corresponds to negative probe voltages having magnitudes smaller 
that V„. The linear region for negatively charged particle collection is 
confined to a much smaller range of positive voltages (less than Vg) where 
the electron current component varies linearly with voltage. The operation of 
the probe in the linear region enables one to determine the polar components of 
conductivity as described by the equation: 

t 2tt1 

*+ = ln(r /r.) °+ V (2) 

— 01 — 

In this generalized expression, 1+ represents either polar component of 
collected charged particle current, which is measured to determine the corre- 
sponding polar conductivity value o r The probe's geometric constants are: 
r., the collector's radius; r Q , the return electrode's inner radius; and 1, 
the collector's length. These geometric parameters are identified in Figure 3. 
Finally, V is the negative value of the probe voltage shown as Vp RQ £ E in 
Figure 3. In practice, a periodic swept voltage waveform often is used for 
^ PROBE* t * ms making it possible to evaluate o + by measuring dl^ydV. 

Finally, one observes from the sample I-V characteristic in Figure A that 
the slope of the negative current response in its linear region is much 
steeper, which is attributable to the presence of free electrons with their 
very large mobility values. In fact, the number of free electrons may be small 
when compared to that for negative ions, and yet their much larger mobilities 
often will have the dominant effect on the value of negative conductivity. 

Also, any possible problems with fringing fields on charged particle collection 
appear particularly susceptible to free electrons are present in the air sample 
is often more difficult than the determination of positive ion conductivity. 

Since charged particle collection ideally is limited to the air core with- 
in the aspirator, a sufficiently large negative probe voltage will result in 
the collection of all positive ion species from the air sample. This current 
limiting condition is called "saturation''. The saturation condition for all 
positive ions occurs in Figure A at negative probe voltages having magnitudes 
larger than or equal to V. . Actually, if there are positive ion species in 
the air sample having distinctly different mobility values, the more mobile 
charged carriers become completely collected at a smaller probe voltage magni- 
tude resulting in an apparent partial saturation condition for the probe' s 
current response. As will be developed later in this chapter, the measurement 
of the probe voltages and currents where the different ion mobility groups 
become completely collected from the air sample leads, in turn, to the deter- 
mination of their particular mobility and density values. Likewise, measuring 
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the negative ion mobility and density values for an air sample requires biasing 
the collector with a sufficient positive voltage; however, such measuraaents 
again are inherently more difficult if free electrons are present. Thus, the 
Gerdien condenser' s electrode gecmetry, designed to collect charged species 
from a finite volume of air, has expanded measurement capabilities which 
include the determination of ion mobility and density values. 

The Gerdien condenser also has been used to measure ion parameters under 
supersonic flew conditions. Specifically, the probe system of CONLEY (1974) 
and CONLEY et al. (1983) remains attached to the rocket, thus providing ion 
measurements during both the ascent and descent of the rocket. Other forms of 
supersonic conductivity probes having collectors openly exposed to the plasma 
include: a nose tip probe, which is a hemispheric electrode positioned at the 

tip of the rocket's nose cone as shown in Figure 5 (HALE et al., 1972; NGO, 
1984); and a circular patch probe, similar to the blunt probe's collecting 
electrode, which is oriented downward on the surface of a gyro-stabilized, 
ballistic sphere (see Figure 6) that is ejected from a rocket (MAYNARD et al., 
1981). The detrimental effects of supersonic flow on ion collection, partic- 
ularly the alteration of ion properties through the shock layer, are a serious 
problem to such measurements. Also, the measurement period is relatively more 
limited than that for a parachute-borne probe. Supersonic probe systems have 
the advantage that measurements generally can be made to higher altitudes where 
parachutes are no longer effective as decelerators. 

Of the parameters to be considered in this paper, electrical conductivity, 
with its dependency on both ion mobility and density, demonstrates the largest 
variability with respect to changes in geophysical conditions. This is 
particularly the case for the negative component of conductivity which relates 
to both free electron and negative ion properties. Representative examples 
showing the range of conductivity values measured at mid- and high latitudes 
are presented in Figures 7 and 8, respectively. 

At midlatitudes, probe measurements have demonstrated appreciable 
variability for both polar components of conductivity (see Figure 7) . The 
diurnal variations are largest for negative conductivity when free electrons 



Figure 5. Nose 
conductivity 


tip probe for measuring 
during rocket ascent. 
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Figure 6. Patch probe for measuring 
conductivity from a gyro-stabilized, 
ballistic sphere. 



Figure 7. Midlatitude positive conductivity (1-4) and 
negative conductivity (5) values for different geo- 
physical conditions. 
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Figure 8. Electrical conductivity profiles measured by 
patch probes (at higher altitudes) and parachute- 
borne Gerdien condensers (at lower altitudes). 


cause orders of magnitude enhancement in the daytime values (curve 5). At 
night, the two polar components of conductivity are generally comparable in 
value at these altitudes. The largest diurnal effects on positive conductivity 
have been observed at sunrise, as demonstrated by curves 1 and 2 (MITCHELL et 
al., 1977). This conductivity buildup appears to be attributed to the photo- 
dissociation of larger ions at sunrise. 

A temperature dependence for positive conductivity also has been observed 
with the range of values represented by curves 2 and 3 (CIPRIANO et al., 

1972). The associated temperature coefficient of about 4%/°K, which is con- 
sidered too large for simple molecular ions, is believed to suggest the pre- 
sence of charged particulates in the middle atmosphere (CHESWORTH and HALE, 
1974). Finally, increased positive conductivity values (curve 4) also have 
been measured during winter periods of enhanced HF radio wave absorption — the 
so-called "winter anomaly" (HALE, 1984). 

Appreciable variability in electrical conductivity also has been measured 
at high latitudes during periods of auroral activity. The smoothed profiles 
for conductivity in Figure 8 were obtained from rocket flights in Norway on 
three different nights; two of them (7 and 18 October 1980) were geomagnetical- 
ly disturbed and the other (11 October 1980) was relatively quiet. These par- 
ticular probe measurements, which range over eight decades in the 20 to 120 km 
altitude region, were obtained for each night using two rockets flown almost 
simultaneously. Specifically, measuranents down to 65 km obtained by previous- 
ly described circular patch probes flown on gyro-stabiliz ed ballistic spheres 
were combined with parachute-borne Gerdien condenser conductivity measurements 
obtained below 80 km. In the altitude regions where the data overlapped, the 
measurement intercomparisons between the different probe systems showed very 
good agreement (NSO, 1984), and hence a single smoothed profile was developed 
for each nighttime series. 

Electrical conductivity is very responsive to local auroral energy deposi- 
tion which is demonstrated for altitudes above 40 km. For these particular 
data, the variations in conductivity exceed an order of magnitude at all alti- 
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tudes above 60 km. The two auroral ionization sources observed in this region 
are a bremsstrahlung X-ray component dominating at the lower heights and 
relativistic electrons primarily at the higher altitudes (GQLDBEBG et al., 
1984). The conductivity profiles for the two gecmagnetically disturbed nights 
display scmewhat distinct characteristics, thus suggesting relatively different 
levels in auroral ionization over the altitude region. In particular, for 
the measurement period of 18 October, a stronger bremsstrahlung component 
is indicated by larger conductivity values in the 40 to 70 km altitude region, 
while electron energy deposition was relatively weaker in the 70 to 90 km 
region. At even higher altitudes where the energy deposition is associated 
with precipitating electrons of lower energy levels, the ionization effects for 
18 October were stronger, which is consistent with the bremsstrahlung effects 
observed at lower altitudes. These observations are supported by available 
X-ray energy deposition data obtained from the same rocket flights. 

The observed splitting of the two polar conductivity components at higher 
altitudes, with the negative conductivity values being relatively larger, is 
attributed to the presence of free electrons. The high-altitude negative con- 
ductivity values agree well with the relative concentrations of free electrons 
and also their altitude structure as measured by both rocket-borne instruments 
and ground-based experiments operated in conj unction with these particular 
probe flights. 

These two figures for electrical conductivity present only a brief over- 
view of this parameter as measured by rocket probes. In fact, of the para- 
meters considered in this chapter, it probably is the one which has been most 
frequently measured and also for the most diverse set of geophysical condi- 
tions. 

ION MOBILITY 


The Gerdien condenser's confined collecting electrode geometry is capable 
of measuring ion mobility and charge density in addition to electrical conduc- 
tivity. Referring again to the ideal Gerdien condenser I-V characteristic in 
Figure 4, a breakpoint in the linear positive ion current response occurs at a 
negative probe voltage of magnitude Vg. This breakpoint indicates the 
voltage and current levels at which a particular ion mobility group — notably, 
the larger valued one associated with the small, light positive ions — is 
completely collected from the air sample flowing through the condenser. The 
current response at more negative voltages continues to display a linear 
characteristic having a smaller slope attributed to the further collection of 
low-mobility ions, until a voltage of magnitude is reached where these 
ions also are completely collected from the air sample. The flat current re- 
sponse for voltages more negative than (-V^) corresponds to the region of 
positive ion saturation for the Gerdien condenser. 


The determination of mobility values for the two positive ion groups in- 
volves measuring the voltages associated with the two breakpoints of the piece- 
wise linear ion current response. These voltage values are combined with in- 
formation about the air flow through the condenser in the following equation: 


v (r 2 - r. 2 ) ln(r /r.) 
o l o 1 

2 (IV ) 
n 


In this generalized expression, k^ + represents the positive ion mobility 
value for the nth mobility group, which is inversely proportional to the magni- 


tude of the probe voltage V at the corresponding breakpoint. In Figure 4, 
the voltage V n would be either Vg or V^. The flow velocity through the 
condenser, assumed uniform, is v; and r., r , and 1 are the probe's 
geometric constants described earlier. 
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The determination of the ion density values for these two indicated 
mobility groups involves scaling slopes of the current waveforms between suc- 
cessive breakpoints to obtain partial ion conductivity values. In Figure 4, if 
the current-voltage waveform between voltages (-V ) and (-V. ) is scaled, a 
partial conductivity value, a ^ + , may be determined by applying Equation 2 
(with o = a^ + ) . This partial conductivity term includes only those positive 
ions having mobility values smaller than k s+ , and it follows that the 
positive small-ion density is obtained from the expression: 


N 


S+ 



(4) 


For probe voltages more negative than the value at breakpoint L, the slope of 
the current waveform is zero and hence the saturation condition, i.e. , the com- 
plete collection of all positive ion species flowing through the condenser, has 
been met. The associated partial conductivity in this saturation region is 
zero in value, and thus, the simplified expression for calculating the 
concentration of positive large ions is: 


N T . = °L+ (5) 

ek L+ 

It should be noted that the general procedure of evaluating probe voltages at 
breakpoints to determine mobility values, and then determining appropriate 
partial conductivity values to solve for ion concentrations, may be extended in 
a similar fashion to the current-voltage characteristics for negatively charged 
species and also for current waveforms displaying even more structure. Some 
evidence for additional positive ion mobility groups, in fact approximating a 
mobility continuun, have been reported by CROSKEY et al. (1977) and CONLEY et 
al. (1983). 


Actual in-flight waveforms for measured probe current I in response to a 
known collection voltage v p R0BE are shown in Figure 9 for a particular para- 
chute-borne Gerdien condenser flight. The probe voltage was swept between 
limits of -25.7 V and +19.2 V with the alternate application of negative and 
positive voltages resulting in the collection of positively and negatively 
charged species, respectively. In Figure 9, the linear region for positive ion 
collection occurs at positive current levels below the breakpoint marked "S". 
The scaling of the current-voltage characteristics in this region enables one 
to evaluate the positive component of conductivity by using Equation 2 
described earlier. 


The magnitude of v p R0BE corresponding to breakpoint S is used in 
Equation 3 to evaluate the positive small-ion mobility. Likewise, the break- 
point marked "L" signifies the complete collection of less mobile, larger 
positive ions from the air sample; and the measurement of this voltage level 
results in the evaluation of their associated mobility. 

As noted from Equations 3 to 5, the measurements of ion mobility and 
density are dependent on air flow. The determination of air flow velocity 
usually is calculated from trajectory data for the probe. This approach is 
supported by earlier Gerdien condenser flights (ROSE and W ID DEL, 1972; WIDDEL 
et al., 1977) having flow meters which demonstrated good consistency between 
measured air flow values and those calculated from the probe's velocities 
(UIDDEL, 1976). Of course, the probe's orientation must be known for the cal- 
culation of air flow; this can be determined if an attitude sensor such as a 
magnetometer is included with the payload. Calculations for ion collection 
under nonuniform flow conditions have been considered by CHANG and YORK (1980). 
It will be demonstrated later that measurements of ion mobility appear general- 
ly consistent for a variety of Gerdien condenser payloads, flown either sub- 
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Figure 9. Gerdien condenser probe 
current and voltage waveforms. 


sonically or supersonically, and thus flow-associated effects on ion collection 
do not seem to have caused serious discrepancies in the presented measurements 
of this parameter. 

Gerdien condenser measurements of positive ion mobility are shown in 
Figure 10 for the flight which included the I-V waveforms in Figure 9. The 
"+"s represent mobilities for the small, light ions; and the n x n s are values 
for the less mobile large, heavy ions. The two ion mobility groups become 
further separated at higher altitudes which would indicate correspondingly 
larger differences in their ion masses. Calculations of reduced mobility for 
the two ion groups, in fact, suggest that their differences largely result from 
increases in mass for the large ions at higher altitudes. These general fea- 
tures have been repeatedly observed in the equatorial middle atmosphere 
(FUENTES. 1984; MITCHELL, 1985). 

The dashed line in Figure 10 represents the lower measurement limit for 
positive ion mobility, i.e., ions having mobility values smaller than those 
associated with the dashed line would not be identifiable by this particular 
Gerdien condenser. The values for this curve were calculated by using Equation 
3 with V set equal to the positive ion collection voltage limit, which in 
this case was 25.7 V in magnitude. Such a measurement limit exists for every 
Gerdien condenser; it is dependent on probe geometry, flow conditions and size 
of collection voltage. For a fixed collecting electrode configuration, the ex- 
tension of this lower measuranent limit is attainable by reducing the flow 
velocity and/or increasing the collection voltage. Obviously, flow velocity 
reduction is achieved by flying the Gerdien condenser on a parachute. Extend- 
ing the range of collection voltage must always be weighed against the 
possibility of ion breakup, and hence the alteration of ion mobility is some 
critical value of electric field is exceeded. Presently, probe voltage magni- 
tudes up to 38 V have been used with our parachute-borne Gerdien condensers. 
Measurement checks, which involve the alternate use of large and small collec- 
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Figure 10. Gerdien condenser positive ion mobility 
measurements. 


tion voltage ranges, produce repeatable ion values which would indicate that no 
such breakup effects on ions have occurred. 

An overview of recent positive ion mobility measurements obtained by dif- 
ferent Gerdien condenser systems is presented in Figure 11. The lew-altitude 
mobility values of WIDDEL,. et al. (1977) and HALE and CROSKEY (197 8) were 
obtained by parachute-borne Gerdien condensers, while the values of REIKERT 
(1971) and ROSEN and HOFMANN (1981) resulted from balloon-borne probes. The 
ion mobility values of Rosen and Hofmann actually were calculated from measure- 
ments of conductivity and small-ion total density, and their numbers represent 
"averaged" small-ion mobility values for the stratosphere. The disparity in 
values at these lew altitudes, if interpreted as differences in ion mass, would 
correspond to a large range of ion sizes (KILPATRICK, 1971). Two factors which 
may contribute to measurement discrepancies are electric field induced ion 
breakup (MEYEROTT et al., 1980) and flow restriction in the aspirator (CHANG 
and YORK. 1980). 

One observes an even larger range of values at higher altitudes where ad- 
ditional positive ion mobility groups have been measured; however, all Gerdien 
condensers flcwn either subsonically or supersonically demonstrated good con- 
sistency in measuring the larger valued mobilities associated with small ions. 
This group of small-ion mobility values appears bracketed over most of the 
high-altitude region by the curves of CONLEY (1974) and MITCHELL et al. (1983). 
The additionally measured, smaller values at high altitudes, first reported by 
ROSE and WIDDEL (1972), have particularly interesting implications. The over- 
all spread in ion mobility at the higher altitudes is in excess of an order of 
magnitude which corresponds to even larger differences in ion mass size 
(KILPATRICK, 1971). The smallest reduced mobility values calculated from 
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Figure 11. A composite of Gerdien condenser positive 
ion mobility measurements. 


these measurements are on the order of 0.1 cm2/V-s, suggestive of ion mass 
sizes approaching 10^ AMU which are far in excess of any present species 
identifiable by quadrupole mass spectrometers. 

The ion mobility measurements of CROSKEY et al. (1977) and CONLEY et al. 
(1983) show a range of values between their lcwer and upper limits drawn in 
Figure 11 which would indicate a larger variety of ion mass sizes than just two 
distinct groups. In fact, a certain degree of curvature appears in the current 
response waveform of Figure 9 between breakpoints S and L which also could sug- 
gest the presence of additional mobility groups. 

Finally, the two solid curves for ion mobility in Figure 11, obtained from 
a series of eight parachute-borne Gerdien condenser flights (FUENTES, 1 984) , 
demonstrate the transition of ion mobility from higher altitudes where separate 
groups are observed to lower altitudes where generally only small ions are mea- 
sured. Again, this ion mobility transition shown for the Peru measurements 
suggests a change in large-ion mass size to increasing values at higher alti- 
tudes . 


In summary, the curves in Figure 11 for higher altitudes demonstrate con- 
sistency in the measurement of positive light-ion mobilities. This good agree- 
ment occurred between Gerdien condensers flown under both supersonic and sub- 
sonic flow conditions and during a variety of geophysical conditions. The low- 
mobility ion values, indicative of very large positive ions, show more dis- 
parity and were obtained less frequently. The inherent instrumental con- 
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straints on the ion mobility measurement range would help explain the relative 
infrequency of such measurement results. Also, it is possible that such ion 
species are not always present, although the data set presented in Figure 11 
does include a variety of geophysical conditions. 

ION DENSITY 

The ion density probe techniques to be considered all involve the simulta- 
neous measurement of the collected ion current to a biased probe in conjunction 
with the probe's velocity. Such probe systems flown supersonically while 
attached to the rocket include: the nose tip probe (ROSE and WIDDEL, 1972); 

the electrostatic (ion trap) probe (FRIEDRICH et al., 1977); and the Gerdien 
condenser (CONLEY, 1974; CONLEY et al., 1983). This latter instrument can 
measure component ion density values associated with the different ion mobility 
groups, while the other two probe systems measure total ion density. Most 
Gerdien condensers, however, have been designed to measure ion density under 
reduced flow conditions obtainable with a parachute. Such ion density measure- 
ments have been reported by ROSE and WIDDEL (1972), GORSKEY et al . (1977), 
WIDDEL et al. (1977), MITCHELL et al. (1983), FUENTES (1984) and MITCHELL 
(19 85) for a variety of geophysical conditions. 

In reviewing supersonic probe techniques, the nose tip probe of ROSE and 
WIDDEL (1972), which is similar to a Langmuir probe, uses the tip of the rocket 
as the collecting electrode. A section of the nose cone adjacent to the col- 
lector is used as a guard electrode to reduce possible fringing field effects 
on ion collection. This section also serves as the driven electrode with 
reference to the rest of the rocket's metallic skin. The collection voltage 
used was a + 3 V triangular waveform which resulted in the alternate collec- 
tion of both polar current components. The positive ion current measurements 
were not converted to density values but showed similar altitude features when 
compared to the parachute-borne Gerdien condenser ion density values obtained 
from the same rocket flight. 

The electrostatic probe, also designed for supersonic flight (FRIEDRICH et 
al., 1977), consists of a concentric spherical collecting electrode enclosed 
within a grid held at the rocket's potential. The collector is biased at a 
fixed voltage for charged particle collection. For positive ion collection, a 
negative voltage biases the inner collector that is sufficient in size to repel 
negatively charged species, but not of such a large magnitude as to cause 
secondary emission from the collecting surface. A value of -22.5 V was applied 
to the collector with reference to the rocket body. The measured positive ion 
current is primarily a ram current component which is not considered to be 
seriously affected by uncertainty in kinetic ion temperature or ion mass size. 
The determination of absolute ion density from the probe current measurements 
has required normalizing the density values to electron density measurements 
from a wave propagation experiment flown aboard the same rocket. The resulting 
ion density values for both upleg and downleg parts of the rocket flight have 
shown good consistency. 

The Gerdien condenser, with its ion collection ideally from a confined air 
sample, directly measures ion density without a need for calibration with 
another in situ measurement. The use of a swept collection voltage wave- 
form to distinguish different ion mobility groups also enables one to determine 
the corresponding component ion density values. A sufficiently large voltage 
applied to the collector, such that all ions of a particular polarity are col- 
lected from the air sample within the aspirator, achieves the saturation 
condition necessary for determining total ion density. The presence of low- 
mobility ions, as recently observed, necessitates the use of relatively large 
collection voltages to ensure saturation. Also, the use of a parachute to re- 
duce the air flew makes attainment of the saturation condition more realizable. 
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and it reduces shock-induced ion breakup and other possible flow-related 
effects on the measurement of ion mobility. While both rocket-attached and 
parachute-borne Gerdien condensers have been flown to measure ion density, the 
latter approach has been the one more frequently used to date. 

The parachute-borne Gerdien condenser measurements of positive ion 
density, presented in Figure 12, are from the same flight as were the ion 
mobility values in Figure 10. Consistent notation has been used with the dots 
included to represent total positive ion density values. Our measurements for 
the equatorial middle atmosphere show that the concentration of low-mobility 
positive ions is typically 108 m - 3 in the region below 65 km. The large- 
ion concentration displays less altitude dependence and smaller values than 
what are generally observed for small ions in this region. The limited data 
available for higher altitudes would indicate that the concentration of posi- 
tive large ions increases above 65 km in the daytime and that these ion species 
appear to dominate for seme of the available measurements (MITCHELL, 1985). 

The earlier measurements of ROSE and WIDDEL (1972) showed the positive large- 
ion concentrations dominating over the entire region in which they were mea- 
sured, from 57 to 74 km. 

Finally, a comparison of positive ion density measurements obtained by two 
different probes flown on the same rocket, an electrostatic probe and a para- 
chute-borne Gerdien condenser, is demonstrated in Figure 13. The rocket 
flights used to obtain these data were seme of the same ones used to measure 
the conductivity values in Figure 8. The electrostatic ion probe measurements 
(TORKAR and FRIEDRICH, 1984) occurred after the payload separated from the 
rocket until the parachute was deployed. The Gerdien condenser measured ion 
parameters at lewer altitudes following parachute deployment. Thus, the ion 
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Figure 12. Gerdien condenser positive ion density 
measurements. 
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Figure 13. Positive ion density profiles measured by 
electrostatic ion probes (at higher altitudes) 
and parachute-borne Gerdien condensers (at lower 
altitudes) . 

density measurements for the two probes did not overlap in altitude; however, 
the pair of profiles obtained for each rocket flight appear to fit nicely, 
which would suggest good consistency between the two probe techniques. 

As noted earlier, the measurement period on 18 October 1980, occurred 
during aurorally active conditions, which caused enhancements in ion density 
above 40 km when compared to the gecmagnetically quiet day of 11 October 1980. 
The level of enhancement for ion density between these two flights is of the 
same order as that which was observed in Figure 8 between the respective posi- 
tive conductivity values. In general, opportunities such as these for compar- 
ing different ion probes on the same rocket have been generally scarce, and 
further such investigations are important for the understanding and evaluation 
of these different measurement techniques. 

con aus IONS 

In reviewing the various probe techniques for measuring bulk ion proper- 
ties, one basis for evaluation involves comparing the measurement results from 
the different instruments. A number of conductivity measurement intercompari- 
sons have been conducted by the Penn State group (HALE et al., 1972; MITCHELL 
et al., 1982; ICO, 1984), with one such stutfy resulting in the profiles shown 
in Figure 8. From such investigations, it would appear that the different 
probe techniques considered in this paper, both supersonic and subsonic, are 
capable of obtaining generally consistent measurements of electrical conductiv- 
ity. 


The only probe considered for measuring positive ion mobility was the 
Gerdien condenser. This instrument is particularly important in the measure- 
ment of very lew-mobility ion species which are indicative of charged particu- 
lates too large for identification by presently flown quadrupole ion mass spec- 
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trometers. An overview of recent ion mobility measurements was presented in 
Figure 11. The particular probe dimensions and flight conditions under which 
these mobility values were obtained were quite variable, and yet in most cases 
there appeared to be general consistency between measurements by the different 
Gerdien condensers. Such agreement is particularly encouraging since ion 
mobility is a parameter which is dependent on flow geometry. 

Opportunities for intercomparing different probe measur orients of ion 
density appear generally scarce. The dependence of this parameter on geophys- 
ical conditions makes it necessary for such comparisons to involve measurements 
done closely in time and location. Although an intercomparison of ion density 
between high-altitude electrostatic prohes and parachute-borne Gerdien con- 
densers was attempted and shown to display general agreement (see Figure 13), 
it is apparent that further studies of this kind are important for assessing 
the validity of these different probe techniques. 
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ABSTRACT 




Radio propagation between a ground-based transmitter and a rocket-borne 
receiver provides a useful method of obtaining the electron density structure 
of the middle atmosphere. The basis of the experiment is contained in magneto- 
ionic theory. The implementation of the experiment takes the form of Faraday 
rotation and differential absorption; the two techniques are often combined 
into a single system. 

INTRODUCTION 


The application of radio propagation techniques for rocket experiments was 
first demonstrated by SEDDON (1953). The use of radio propagation experiments 
on rockets to study the D region and lower E region of the ionosphere has 
continued to the present day and, stimulated by competition from in situ 
probes on rockets and from ground-based radio techniques, is likely to continue. 

The changes in amplitude, in phase and in polarization of a radio wave 
propagating in the ionosphere can be used separately or together to obtain 
electron density and, sometimes, electron collision frequency. The principal 
advantage of the radio propagation experiment is the freedom from the effects of 
local perturbation of the ionosphere by the rocket. The main disadvantage is 
the implicit assumption of a horizontally stratified ionosphere. 

Most of the following discussion is concerned with the observation of the 
normal midlatitude ionosphere during the daytime (when some absorption is 
present) and during the night (when absorption is negligible). Two other 
special situations are treated briefly. One is the high latitude ionosphere 
under conditions of high absorption; the other is the equatorial situation 
(where the characteristic modes are linear). 

No attempt has been made to give a comprehensive bibliography of the 
results obtained by radio propagation experiments on rockets but, it is hoped, 
major descriptions of experimental techniques in books and journals are 
referenced. 

Rocket experiments using LF and VLF propagation to study the D region are 
excluded from the present discussion. Descriptions of these have been given by 
CARTWRIGHT (1964), KIMURA and HIRAO (1971) and HALL (1973). 

MAGNETOIONIC THEORY 

The propagation of a radio wave through the ionosphere is described by 
magnetoionic theory. The theory as developed by Appleton and Hartree applies 
to a partially ionized gas containing free electrons, positive ions and neutral 
atoms and molecules. A uniform magnetic field is present and the electrons are 
considered to be monoenergetic. This last condition leads to serious error 
below about 80 km in the earth' s ionosphere and the theory must be modified. 
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A comprehensive discussion of the unmodified Appleton-Hartree theory has 
been given by RATCLIFFE (1962) and here we summarize seme of the relevant 
relations. The theory starts with two of Maxwell's equations, namely: 

curl H = e Q E + 4tP 


and 

curl E = - P H 
— o— 

where H is the magnetic wave field, E is the electric wave field and I> is 
the volume polarization of the medium; £ and p are, respectively, the 
electric and magnetic permittivity of free space. These are combined with the 
equation of motion for an electron: 

mv = -ravv + qE + q v x B 

where m is the mass of the electron, v its velocity and q the magnitude of the 
electronic charge; B is the magnetic field and v is the electron collision 
frequency. The manner in which the effect of collisions is introduced into the 
equation of motion is empirical and may not be correct. This is of no 
practical consequence except, perhaps, at the lowest altitudes where the 
collision tern dominates. 

Two useful quantities which characterize the medium through which the wave 
is propagating are the gyrofrequency , given by 

“ B = qB/m 

and the plasma frequency, given by 
U N = (Nq 2 / £ 0 m) 1/2 

where numerical values are (in SI units) 

q = 1.602 x 10 -19 C 

e = 8. 854 x 10 -12 F/m 
o 

and, for electrons, 

m = 9.110 x 10 21 kg. 

For a wave of angular frequency to propagating in a medium where the 
electron density is N, the magnitude of the magnetic field is B and the angle 
between the wave normal and the magnetic field is 0, these equations can be 
solved for the polarization (R) and the complex refractive index (n) : 
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Another, sometimes useful, relation is 
n 2 = 1 - X/(l - jZ - j^R). 

The + sign in the equation for R (and, consequently, for n2) indicate 
that there are two characteristic waves which can each propagate through the 
medium with their polarization unchanged. 

The two characteristic waves are referred to as the "ordinary" and 
"extraordinary" waves (or O-mode and X-mode, respectively). In practical terms, 
the ordinary wave is affected to a lesser extent and the extraordinary wave to a 
greater extent by the presence of the magnetic field. Also, when collisions are 
significant, the extraordinary wave suffers greater attenuation than does the 
ordinary wave. (These statements may not be true for the lowest altitudes of the 
D region. ) 

Two limiting cases will be noted. For longitudinal propagation (0 = 0°, 
giving Y T = 0): 

R q = +j and R x = -j 

indicating that the two characteristic waves are circularly polarized, in 
opposite senses (right-handed and left-handed). For transverse propagation 
(0 = 90°, giving Y^ = 0) : 

R =<» and R =0 
o x 

so that the two characteristic waves are linearly polarized, with electric 
vectors parallel and perpendicular to the magnetic field, respectively. At 
propagation angles between 0° and 90° the characteristic waves are elliptically 
polarized. 

The complex refractive index (n) can be expressed as real and imaginary 
parts : 


n = y- jx 

The meaning of y and x can be understood by considering a wave (propagating in 
the z direction) : 

E = E q exp[jm(t - nz/c)] 


Thus 


E = E q exp(-d>xz/c) exp[ju)(t - yz/c)] 


E = E q exp(-kz) exp[jw(t - z/v)] . 


or 
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The first exponential term represents attenuation (absorption) of the wave so 
that X is the absorption index, more practically expressed by the absorption 
coefficient k = <*>X/c. The second exponential term shows that the phase velo- 
city of the wave in the medium is v = c/y and y is the refractive index. 

The rocket experiments described here are based on the measurement of the 
absorption coefficient (k) or the refractive index (y). Earlier experiments 
favored the measurement at two frequencies, harmonically related but well 
separated. More recent experiments have tended toward the measurement of the 
differential properties of two characteristic waves having the same frequency. 

It has already been noted that the treatment of electron collisions is the 
weak point of magnetoionic theory. PFISTER (1954), in a theoretical study, and 
KANE (1961), working with data from a rocket experiment, pointed out the serious 
error of assuming monoenergetic electrons. The theory of Appleton and Hartree 
was revised by SEN and WYLLER (1960; with correction by MANCHESTER, 1965) to 
properly include the statistics of the collision process. Their analysis has 
been confirmed by BUDDEN (1965). 

The practical effect of the generalization of the Appleton-Hartree by Sen 
and Wyller has tended to be exaggerated. Within the limits of experimental 
error, the simpler formulation of the Appleton-Hartree theory can be used with 
an effective electron collision frequency (v ) which is numerically equal 
to 2.5 v m , where is the monoenergetic collision frequency calculated 
from the properties of the neutral gas. 

The role of collision frequency in rocket radio-propagation experiments 
is well illustrated in some calculations of BENNETT et al. (1972) shown in 
Figure 1. The Sen-Wyller equations are used. In Figure 1(a) the specific 
differential refractive index is plotted as a function of monoenergetic electron 
collision frequency (using the Sen-Wyller equations). The radio frequency is 
2.29 MHz and the propagation angle is 27°. The magnitude of the earth's 
magnetic field is 0.47 yT. Notice that the differential refractive index 
(y - y^) is roughly proportional to el^ctrjn density. Also note that 
collisions can be neglected for v < 10 s , which corresponds to 
altitudes > 90 km. For > lo s-1 (altitudes belyw a^out 80 km), 
y - P decreases rapidly, changing sign at v % 1CT s (about 63 
km) . ifes reversal has been observed (in a Faraday rotation experiment) by 
AIKEN et al. (1964) and provided what was probably the first direct measurement 
of electron collision frequency in the ionosphere. 

Figure 1(b) shows the specific differential absorption, for the same 
conditions of frequency, propagation angle and magnetic field, plotted over a 
range of monoenergetic collision frequency. Again the quantity of interest, 
differential absorption coefficient (X^ - X q ), is roughly proportional to 
electron density. The maximum values occur for v % 2 x 10° s (about 
75 km). The decrease as v becomes smaller (at greater altitudes) would be 
expected but the decrease at low altitudes is not physically obvious. 

The effect of changing the angle of propagation on specific differential 
refractive index is shown in Figure 2. The Sen-Wyller equations are again used. 
The wave frequency is 2.2 MHz, the gyrofrequency is 1.4 MHz (appropriate for 
Wallops Island, Virginia) and the electron density is 102 cm~3. As has been 
noted in connection with Figure 1, there is little change for electron densities 
up to 104 cm~3. The altitude scale is added using the collision frequency 
model to be discussed later. The propagation angles are 0°, 30°, 60° and 90°, 
Clearly, an experiment which measures (y - V ) has reduced sensitivity as 
the propagation angle increases. It is also interesting to note that the change 
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Figure 1. Variation of (a) specific differential refractive 
index and (b) specific differential absorption index with 
monoenergetic electron collision frequency (BENNETT et 
al., 1972). 
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Figure 2. The variation of specific differential refractive 
index with monoenergetic electron collision frequency for 
four propagation angles. 


of sign of (y - P ) is confirmed for all propagation angles, although the 
altitude of this change is about 5 km greater for 90° propagation than it is 
for 0°, 30° and 60°. 

The specific differential absorption also changes with the propagation 
angle, as shown in Figure 3. This is calculated for the same values of wave 
frequency, gyrof requency and electron density as were used for Figure 2. As the 
propagation angle increases, the differential absorption decreases, reducing the 
sensitivity of an experiment. 


The specific absorption values implicit in Figure 3 are shown separately in 
Figure 4 for the two characteristic modes for propagation angles of 0° and 90° 
(longitudinal and transverse propagation, respectively). The extraordinary wave 
has the greater absorption, the ordinary wave the lesser absorption in each 
pair. It is interesting to note that the absorption of the ordinary mode 
increases as the angle of propagation increases. 

This figure also illustrates an important point in connection with the 
computation of y and X, whether from the Appleton-Hartree or (as here) from the 
Sen-Wyller formulas. It concerns the terms "ordinary" and "extraordinary". In 
the equations for R and n2 the upper sign (of the + or +) gives the ordinary 
wave properties while the lower sign gives the extraordinary wave properties. 
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Figure 3. The variation of specific differential absorption 
index with monoenergetic electron collision frequency for 
four propagation angles. 
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Figure 4. The variation of specific absorption index with 
monoenergetic electron collision frequency for the two 
characteristic modes (0 and X) of longitudinal (0°) and 
transverse (90°) propagation. 


However this is true only down to a certain altitude, indicated by the short 
vertical lines in Figure 4. At altitudes below about 68 km (for 90°) or 64 km 
(for 0°) the situation changes and the upper sign gives the extraordinary wave 
properties, the lower sign the ordinary wave properties. This has produced some 
confusion in the literature where it has been implied that the differential 
absorption changes sign at low altitudes. There is experimental evidence for a 
change of sign at low altitudes but it is not contained in magnetoionic theory, 
in either the Appleton-Hartree or Sen-Wyller formulations. 

The preceding figures have been calculated for a particular frequency. 

The effect of changing frequency is illustrated in Figure 5 from JACOBSEN and 
FRIEDRICH (1979). The data are presented for a realistic electron density 
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profile (in part represented by the line labelled "plasma frequency"). 

Figure 5(a) is a Faraday rotation experiment measuring a quantity (deg/km) 
proportional to (U q - d^) . Taking 0.5°/km as a practical lower limit of 
detection and signal loss at -20 dB (relative to 50 km) shows that a low 
frequency (about 1 MHz) would allow the measurement of electron density between 
about 5 8 and 67 km. Increasing the frequency to 10 MHz would change the range 
of altitude so that the lower limit is about 65 km and the upper limit is above 
80 km. 


Figure 5(b) illustrates the corresponding situation for an experiment 
measuring differential absorption. Here, a frequency near 2 MHz would allow a 
useful measurement of electron density to the lowest possible altitude, about 
62 km. The upper limit would be 80 km. A frequency 5 MHz (or more) would raise 
the altitude range of the measurements. 

The data of Figure 5 show clearly why a single-frequency experiment is of 
limited value in the real ionosphere. This restriction has lead most experi- 
menters to use two or more frequencies. 



FREQUENCY (MHz) FREQUENCY (MHz) 


Figure 5. Contours of constant Faraday rotation (a) and 
differential absorption (b) for a high density summer 
profile in deg/km and dB/km, respectively. A value 
of 0.5 deg/km and 0.5 dB/km may be considered as the 
detection limit for good measurements. The upper 
height limitation is either determined ly signal loss, 
indicated by A = -20 or 30 dB relative to the value at 
50 km, or by loss of detectable double spin modulation, 
M, e.g. M < 1 dB (differential absorption > 25 dB) 
(JACOBSEN and FRIEDRICH, 1979). 
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EXPERIMENTS FOR SOUNDING ROCKETS 

The first successful rocket-borne CW propagation experiment was 
developed by SEDDON (1953). This was the dispersive Doppler technique in which 
signals at two harmonically related frequencies (24.53 and 73.60 MHz, in the 
early experiments) were transmitted from the rocket to a receiving system on the 
ground. The higher frequency also served as the carrier of FM/FM telemetry. One 
major problem, antenna breakdown in the altitude range 60 to 100 km, was solved 
by reducing the transmitted power in the early part of the flight. 

Modern experiments using CW propagation make two maj or changes from that 
of Seddon. First, the transmitter is located on the ground and the receiving 
system in the rocket payload. This eliminates the antenna breakdown problem and 
simplifies the payload construction (receivers are smaller and use less power 
than do transmitters). It does, however, require that the payload have a 
separate telemetry system. 

The second, perhaps more fundamental change, is the use of the two 
characteristic modes at the same frequency (or, in one version, separated by 
500 Hz) rather than harmonically related frequencies. This approach is 
particularly attractive for the D region where differential absorption can be 
used in addition to differential phase. (Note that differential phase is a 
general term: it includes both the dispersive Doppler and Faraday rotation 

experiments. ) 

In a typical experiment a 100 W CW signal is radiated from a simple dipole 
antenna near the ground-based transmitter. The frequency is generally within 
the range of 2 to 10 MHz. Several, independent systems having different 
frequencies are generally required to obtain a complete electron density profile 
in the D and E regions. 

The sounding rocket is launched on a trajectory that makes the line-of- 
sight from the transmitting antenna as near vertical as possible. (Safety 
considerations are usually the limiting factor.) The rocket payload contains 
receiving systems, usually one for each frequency being used. The receiving 
antennas may be inside the payload (if the payload shell is nonmetallic) or 
maybe ext emal . 

A sounding rocket is usually spin stabilized. The spin frequency is 3 to 
10 Hz, depending on the type of rocket being used, unless a de-spin system is 
included to reduce the spin. In CW propagation experiments the highest possible 
spin frequency is desired. As the receiving antenna spins with the rocket the 
signal fed to the receiver is modulated sinusoidally: maximum amplitude occurs 

when the transmitting and receiving antennas are parallel, minimum (initially 
zero) amplitude occurs when they are perpendicular. 

The linearly polarized transmitted signal can be considered to be 
decomposed into the two circularly polarized characteristic modes. (In the 
special case of equatorial experiments, transverse propagation leads to 
characteristic modes which are linear.) In the ionosphere, the difference in 
refractive index of the two modes produces a phase difference which appears to 
the receiving antenna as a rotation of the plane of polarization (Faraday 
rotation). A spatial phase reference is accomplished by inclusion in the 
payload of a magnetic aspect sensor in the payload. (Other systems, such as 
solar sensors or a VHF radio signal, have also been used.) 

The quantity measured in this experiment is the Faraday rotation rate, the 
rate of change of phase of the envelope of the received signal, relative to that 
of the spatially fixed reference. This measursnent can be made very accurately: 
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a phase-locked loop is effective in minimizing the effect of atmospheric noise, 
the most significant natural limit on accuracy. 

Once the Faraday rate has been obtained it can be converted to electron 
density. This involves additional information: the trajectory of 

the rocket (position and velocity as a function of time), a model for the geo- 
magnetic field and a model for electron collision frequency. The latter is not 
so important for the Faraday rotation experiment as it is for the differential 
absorption experiment. 

Radio wave absorption provides an alternative to phase as a method of 
measuring electron density. As with the phase experiment the differential 
behavior of the two characteristic modes is used. Considering the same 
instrumentation as used for the Faraday rotation experiment, the effect of the 
difference in absorption coefficient of the two characteristic modes is to 
change the polarization from linear to circular (when the extraordinary mode has 
been totally absorbed). Thus, the effect on the modulation of the signal 
received at the spinning rocket is a reduction in the depth of modulation. This 
effect occurs concurrently with the phase shift of the Faraday rotation and the 
modulation changes in the manner shown in Figure 6, from BENNETT et al. (1972). 
(The reference, in this instance, is a VHF signal which experiences neither 
Faraday rotation nor differential absorption.) 



Figure 6. Simplified form of received rocket signal 
illustrating the measurement of Faraday rotation 
and differential absorption (BENNETT et al., 1972). 


If the angle between the receiving antenna and the major axis of the 
polarization ellipse is 8 then the amplitude of the signal (the modulation) is 
given by 


y = /P + Q cos 20 

where P and Q are constants which define the shape of the ellipse. BENNETT et 
al. (1972) use the two extrema (y = /p + Q and y min = •''P - Q) to 
calculate the differential absorption: 


A = 20 log 1Q 


r y - y . ■ 

' max min 


y + y . 

max min 
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Torkar and Friedrich (quoted in JACOBSEN and FRIEDRICH, 1979) use a least- 
squares fit to the waveform to achieve greater accuracy (particularly in the 
presence of noise). 

A different approach is used by MECHTLY et al. (1969) and MECHTLY (1974). 
The two characteristic modes are separately generated using two transmitters 
each feeding a circularly polarized antenna. The two transmitters are separated 
in frequency by 500 Hz which causes the polarization ellipse to rotate. The 
essence of the experiment is that a fixed depth of modulation is introduced by 
making the power of the transmitter for the O-mode 10 dB greater than that of 
the transmitter for the X-mode. As the X-mode is absorbed, the power of that 
transmitter is increased so that the depth of modulation is maintained. 

The differential absorption (in dB) is immediately obtained from the change 
in transmitted power, which is recorded during the flight. This has proved to 
be a very sensitive measuranent, allowing 0.1 dB accuracy (the simpler systems 
give about 0.5 dB). Another advantage is that the sign of the differential 
absorption is retained; the simpler systems must assume that the X-mode 
experiences greater absorption than does the 0-mode. This refinement has 
allowed SMITH et al. (1983) to show that, at altitudes below about 56 km the 
O-mode is, unexpectedly, subject to greater absorption than is the X-mode. 

The design of the transmitter and antenna for the ground-based part of the 
experiment is straightforward. At least one launch site (Kiruna, Sweden) has 
permanently installed facilities for the CW propagation experiment. 

The payload instrumentation comprises the receiving system (antenna and 
receiver) together with a spin-reference system and telemetry. The antenna may 
be an electric dipole external to the payload (as in JACOBSEN and FRIEDRICH, 

197 9) or a magnetic dipole contained within a nonmetallic section of the pay- 
load (as in MECHTLY et al., 1967). 

The received signal has a narrow bandwidth so that, to minimize the effect 
of atmospheric noise, the receiver should also have a narrow bandwidth. The 
only major design decision concerns the receiver AGC time constant. The effect 
of a short time constant (1 s) is illustrated in the upper part of Figure 7. 

The rocket spin rate is 6 Hz and there is distortion of the modulation due to 
insufficient filtering of the AGC voltage. Increasing the time constant to 10 s 
(as in the lcwer part of Figure 7) gives a satisfactory waveform. 

An alternative approach (as in JACOBSEN and FRIEDRICH, 1979) is to use a 
very short time constant so that the AGC voltage contains the modulation 
information. A careful calibration of the receiver is needed because of the 
nonlinearity of the AGC characteristic. 

In most instances the modulation of the received signal is telemetered and 
recorded for subsequent processing. Sometimes (as in FRANCE and WILLIAMS, 1976) 
the data are partially processed (in this case a phase measuranent) before 
transmission. 

The differential absorption experiment is not useful in the midlatitude 
nighttime ionosphere. The Faraday rotation experiment can be used but the small 
values of electron density and increased atmospheric noise make it difficult to 
achieve the accuracy (100 cm“3) of daytime experiments. The sources of error 
and comparisons of several versions of the Faraday rotation experiment have been 
discussed by SMITH and GILCHRIST (1984). Since that publication, further 
experiments with phase-locked loops have shown that atmospheric noise can be 
much reduced, leaving the phase reference (in their experiment a magnetic aspect 
sensor) as the most important source of error. 


184 



Figure 7. Receiver outputs with AGC time constants 
of (a) one second and (b) ten seconds. 


Experiments at the magnetic equator must be considered separately because 
the characteristic modes are linear. No Faraday rotation takes place: the 

polarization ellipse does not rotate but changes its ellipticity. For this 
reason, the successful experiments have been restricted to absorption measure- 
ments (KANE, 1974; SOMAYAJULU et al., 1971). Typically the two modes are 
separately transmitted from ground-based dipole antennas; the O-mode from a 
N-S dipole, the X-mode from an E-W dipole (magnetic coordinates). A single 
transmitter is switched between these two antennas. The difference in 
absorption of the two modes appears as a square-wave modulation at the receiver 
in the rocket payload. 

A differential phase experiment for the equatorial ionosphere was 
demonstrated during the CONDOR campaign in Peru in 1983 (SMITH and HALFERN, 
unpublished). The data are satisfactory to an altitude of about 105 km. The 
scattering of the radio wave by the electroj et prevents the determination of 
phase at greater altitudes. At present it appears that propagation experiments 
are not practical for the upper E region at the equator. 

The model for the earth' s magnetic field that has been most widely used is 
that of CAIN et al. (1967). A newer model is IGRF 80 (PEDDIE, 1982), which is 
recommended for current use. The difference between the two models is probably 
insignificant except for transverse propagation (as at the equator) where the 
two models may lead to propagation angles differing by 1°. 

The model for electron collision frequency has been discussed in SMITH et 
al. (1978). They recommend 

v„ = 6.3 x 10 5 p 
M 

*”2 

where p is the pressure (in N m ) from CIRA 1972. It is interesting to note, 
from Figure 3, that electron densities determined from the differential 
absorption experiment are insensitive to the value of collision frequency at 
altitudes near 75 km. 

The height resolution is ultimately limited by the spin rate and velocity 
of the rocket. In practice, a time interval of 1 sec is needed to obtain a 
value of electron density. This limits the altitude resolution (in the D 
region) to about 1 km. The data from the propagation experiment can be 
effectively combined with data from a probe (in the same rocket payload) to 
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obtain an electron density profile of good absolute accuracy and good height 
resolution. 

The probe experiment has been described by SMITH (1969). Theory and 
experiment support the proportionality of probe current (I) . measured at a 
fixed positive voltage (usually 4 V), and electron density (N) . The procedures 
for combining the two data sets hare been described in MECHTLY et al. (1967) 
and by SMITH and GILCHRIST (1984). The ratio M/I is calculated for averages 
of each quantity obtained freai a 1-second interval of data. A semi-log plot 
is then made of the (N/I) average value as a function of altitude. In general 
the ratio may not be constant; any change, however, is expected to be slcwly 
varying with altitude. In this way, a calibration factor (the best estimate 
of N/I) as a function of altitude is obtained vhich can then be used to 
multiply individual values of probe current (measured at 0.1-second intervals) 
to obtain the final profile. Examples of electron density profiles illustrating 
the variability of electron density in the wintertime midlatitude D region are 
shown in Figure 8. from SMITH et al. (197 8). 



Figure 8. Electron density profiles for 
5 December 1972 and 16 January 1973. 
These were, respectively, days of lew 
and high absorption at 1.8 MHz. 


The details of the implementation of the propagation experiment of the 
University of Illinois are contained in Aeroncmy Reports, available on request 
from the Aeroncmy Laboratory, Department of Electrical and Computer Engineering, 
1406 West Green Street, Urbans, Illinois 61801, U. S.A. These are: 

Aeroncmy Report No. 14. J. E. Sal ah and S. A. Bowhill, Collision frequencies 
and electron temperatures in the lower ionosphere, August 1966. 

Aeroncmy Report No. 20. M. M. Rao, Studies of the equatorial ionosphere using 
rockets, July 1967. 

Aeroncmy Report No. 30. R. C. Condon, K. Seino and E. A. Mechtly, Part 1, 
Design of polarization adjustment instrumentation for a rocket propagation 
experiment. Fart 2, Analysis of a rocket experiment to measure ionospheric 
electron density, December 1968. 

Aeroncmy Report No. 35. A. G. Slekys and E. A. Mechtly, Aeroncmy Laboratory 
system for digital processing of rocket telemetry tapes, March 1970. 
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Aeroncmy Report No. 37. E. A. Mechtly, P. E. Monro, N. Golshan and R. S. 

Sastry, FORTRAN programs for calculating lower ionosphere electron densities 
and collision frequencies from rocket data, July 1970. 

Aeronomy Report No. 45. R. F. Lodato and E. A. Mechtly, Rocket measurements of 
electron collision frequency, September 1971. 

Aeroncmy Report No. 64. J. C. Ginther and L. G. Smith, Studies of the 
differential absorption experiment, December 1974. 

Aeroncmy Report No. 73. R. W. Fillinger, Jr., E. A. Mechtly and E. K. Walton, 
Analysis of sounding rocket data from Funta Chilca, Peru, July 1976. 

Aeroncmy Report No. 85. B. E. Gilchrist and L. G. Smith, Rocket measurement 
of electron density in the nighttime ionosphere, April 197 9. 

Aeroncmy Report No. 101. L. Dean and L. G. Smith, An improved pulse-height 
analyzer for energetic particle measurements in the upper atmosphere. 

Aeronomy Report No. 113. M. K. Mclnemey and L. G. Smith, Rocket observations 
of the ionosphere during the eclipse of 26 February 1979, May 1984. 
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ABSTRACT 


Both the difficulty of access to the region and the difficulty of measure- 
ment techniques has caused the middle atmosphere to be one of the last near- 
earth regions to be explored electrodynamically. Recent improvements in mea- 
surement techniques spurred by the apparent discovery of large V/m electric 
fields have resulted in new thrusts into this previously neglected field. Both 
double probe techniques and field mills -hd$4M>&en adapted for middle atmosphere 
measurements. A brief description of each technique is given along with some 
of the pitfalls and difficulties associated with middle atmosphere electric 
field measursnents. Measurement of mV/m level electric fields is now possible 
in the D region. The detection of V/m level fields in the lower ionosphere 
remains controversial; however, increasing evidence is accumulating for their 
existence. 


I. INTRODUCTION 

The difficulty of access to most of the middle atmosphere, the region be- 
tween the tropopause and the mesopause, has in the past limited attempts to 
measure electric fields (see review by MAYNARD, 1980). In addition, measure- 
ment techniques which work in the ionosphere or which are useful in the tropo- 
sphere require adaptation to the weakly ionized environment of the stratosphere 
and mesosphere. Some of these adaptations have met with limited to good suc- 
cess; others have failed. 

The first electric field measurements in the middle atmosphere were made 
in the lower stratosphere by adapting the double floating probe technique (see 
Section II for a discussion of techniques) to fly on balloons (MOZER and 
SERLIN, 1969). These measuranents were primarily attempted in order to study 
the projection down equipotential magnetic field lines of magnetospherically 
and ionospherically generated electric fields. Thus, primary attention was 
paid to the horizontal components. In an average sense many of the features of 
the magnetospheric convection pattern were reproduced (see MOZER and LUCHT, 
1974). Differences have been explained away as thunderstorm effects or the 
difference between an average measurement and a point measurement (KELLEY and 
MOZER, 1975). 

The first measurements in the upper stratosphere and lower mesosphere were 
made by BRAGIN et al. (1974) and TYUTIN (1976) using a field mill on a rocket. 
Their apparent observations of large V/m vertical electric fields near 60 km 
has been greeted with some skepticism (see BERING et al., 1980). Similar re- 
action was given to HALE and CROSKEY' S (197 9) measurement of V/m electric 
fields in the same region using asymmetric double probes. Other attempts at 
measurements of electric fields in the mesosphere by BERING et al (1977) and 
KELLEY et al. (1983) using double probes have admittedly resulted in measure- 
ments of artifacts created by the presence of the rocket payload. However, a 
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payload designed to emphasize symmetry has been successful in measuring mV/m 
electric fields in the D region (MAYNARD et al., 1984) and has detected evi- 
dence of V/m electric fields similar to those observed by Hale and Croskey in 
the lower mesosphere (MAYNARD et al., 1981). The large electric fields are 
seen under some conditions but not others (see also HALE et al., 1981), and are 
seen far less often than would be necessary for the constant layer inferred by 
TYUTIN (1976). 

This paper will briefly review the basic measurement techniques and 
explore the problems in applying these techniques to the middle atmosphere 
regions. 

II. BASIC TECHNIQUES FOR ELECTRIC FIELD MEASUREMENTS 
Field Mills 


Field mills operate on the principles of electrostatic induction rather 
than electrical conduction. A field mill consists of a test plate that is 
alternately exposed to and shielded from the lines of force of the electric 
field by a grounded cover (see CHALMERS, 1967; MAPLE and WHITLOCK, 1955). The 
induced surface charge on the plate is a function of the electric fields ex- 
posed to the plate and becomes a function of time as the plate is alternatively 
exposed and shielded. 

Q(t) = - e o EA(t) 

where Q is the surface charge, e G is the free space dielectric constant, E is 
the electric field and A is the exposed area. The displacement current is the 
derivative of the surface charge while the conduction current is proportional 
to Q. DETTRO and SMITH (1982) have shown that by letting the exposed area vary 
in a sinusoidal fashion (proportional to (1 + sin ut)) the amplitude and phase 
of the resulting ac component of the total current are easily related to the 
displacement and conduction currents and thence to the electric field (E) and 
polar conductivity (Xp) for positive or negative ions. 


If i = M cos (oot - <(>) 
ac 


then 


M cos <)> 

e A cu 
o o 


and 


, M sin d> 

Xp = ~EA 

o 


e to tan iji 
o 


where A is the maximum area exposed, m is the rotation frequency of the 
mill, and M and $ are the amplitude and phase of the signal. Since the elec- 
tric field is a vector quantity, more than one of these devices is necessary to 
define the vector. Dettro and Smith suggest one at the front end and one on 
the side of the payload. The resulting payload is expected to detect electric 
fields down to 0.1 V/m and will soon be tested. Figure 1 shows a photo of the 
Dettro and Smith detector. TYUTIN' S (197 6) sensor was similar in principle but 
less sophisticated. 


Factors which make the measurement difficult include (1) the very small 
current levels (picoamps) of the desired signal which makes the device sensi- 
tive to leakage currents and sources of noise in the system, (2) the need for a 
uniform work function over the sensor surface, and (3) photoemission currents 
in daylight. A question not addressed by TYUTIN (1976) is whether the signals 
measured could be influenced by charges on the payload or by the sheaths 
resulting from the presence of the payload in the plasma. 
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Figure 1. Photo of the field mill instrument 
of DETTRO and SMITH (19 82) for making 
electric field measurements from a rocket. 
The rotor and stator (underneath) can be 
seen at the top of the instrument. 


This technique is commonly used for ground-based measuranents and has been 
used on airplanes (see KASEMIR, 1965). Its applications aboard rockets for use 
in a partially ionized gas such as the mesosphere is currently limited to the 
measurements of TYUTIN (1976). It is hoped that the proposed measurements of 
DETTRO and SMITH (1982) will either confirm Tyutin' s results or establish where 
and over what range valid middle atmosphere electric field measurements can be 
made with the field mill. 

Passive Double Probes 


The double floating probe technique for electric field measurements in a 
plasma was developed for space use by AGGSON (1969) and FAHLESON (1967). The 
technique is now commonly used in the ionosphere on both sounding rockets and 
satellites and has been adapted for use in the low density plasmas in the mag- 
netosphere and beyond (see MAYNARD et al., 1983; and PEDERSEN et al., 1984). 

The basic technique utilizes two floating Langmuir probes. Any body 
immersed in an ionized medium will float at a potential relative to the medium 
such that the net current to that body is zero. In the ionosphere, the basic 
balance is reached between currents from electron collection and positive cur- 
rents from ion collection and photoemission. If two probes have symmetry with 
respect to their axis and to the supporting spacecraft body, then each floating 
potential will be the same if no electric fields exist. A difference in poten- 
tial in the medium from electric fields, either ambient or generated from 
the motion of the sensor system across magnetic field lines (v x B) , will 
be reflected in the relative floating potentials of each sensor. Measurement 
of each of these potentials relative to the payload or spacecraft and their 
differential subtraction leads to a measurement of the electric field 

/' 

(W - (V 2 -V s ) = V 1 -V 2 = (E + v X B) • d 
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where V^, V„ and V g are the potentials of each sensor and the spacecraft, 
d is the vector separation distance between the sensors, v is the space- 
craft velocity and B is the magnetic field. Both spherical and cylindrical 
sensors have been used. 

Sources of error include asymmetries in photoemission and contact poten- 
tials, current drawn by the voltmeter, wakes generated by the central body, 
and inaccurate knowledge of both attitude and B which are necessary to do the 
v x B^ subtraction. In low density plasmas, photoemission currents from the 
central body and support structures can be collected by the sensor and become a 
significant fraction of the total current collected. Symmetry of the system 
configuration helps to reduce problems from several of the above error sources. 
Measurements at the mV/m level are achievable. 

If less accuracy is required, it is possible to make a double probe mea- 
surement using asymmetric probes (see HALE et al., 1981). In this case, the 
potential difference is partially related to the ambient density since some of 
the error currents do not change. As the collection of current from the medium 
changes, the potential of each probe must react differently in affecting a net 
current balance. In this case, where accuracies are in the fraction of a V/m 
range, the subtraction of v x B (a few 10's of mV/m) becomes insignificant. 
An asymmetric measurement in the vertical direction is very easy on small para- 
chuted payloads by measuring the difference in potential between an electrode 
on the parachute lanyard and the conducting payload. 

Figure 2 shows a payload configuration that has been successful in the D 
region at the mV/m level by emphasizing symmetry. Section III will discuss 
problems relative to the application of the double probe technique for measure- 
ments in the middle atmosphere. 


Active Double Probes 


A variation on the double probe technique in weakly ionized cases is to 
create ionization in the vicinity of the probes using a radioactive source (see 
STERGIS et al., 1957; MARKSON. 1976). This technique has been successfully 
used in the troposphere on airplanes. The balloon measurements of the vertical 
electric field by Stergis et al. seem to give higher values than other measure- 
ments (e.g. , KASEMIR, 1977). The radioactive source enhances the currents 
available for collection making the system less susceptible to noise. Since 
this technique has not been used above balloon altitudes, it will not be dis- 
cussed further. 

III. PROBLEMS RELATIVE TO DOUBLE PROBE MEASUREMENTS IN THE MIDDLE AIMO SPHERE 
Upper Mesosphere Measurements 

Several attenpts at electric field measurements in the D region have 
suffered from wake effects which have prevented useful ambient measurements 
(see BERING et al., 1977; and KELLEY et al., 1983). In each case, symmetric 
probes attached to a large cylindrical central body payload were used. Kelley 
et al. found V/m signals which were not of natural origin in their data at 
mesospheric altitudes. In the denser plasmas of the E and F region, this 
arrangement makes acceptable measuranents, although it should be noted that 
BERING (1983) has identified magnetic wake effects in data from some 
configurations of double probes in the lower ionosphere. 

In order to better understand some of these effects it is instructive to 
look at data taken in the mesosphere by a symmetric payload similar to that 
used by MAYNARD et al. (1981) (see Figure 2). Figure 3 shows a schematic of 
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Figure 2, Photo of a symmetric, small central 
body payload for making double probe elec- 
tric field measurements while free-falling 
through the middle atmosphere (see also 
MAYNARD et al.. 1981). 


this payload with all the booms rotated into the plane of the paper in order 
to compare antenna lengths. The spherical payload is shown attached to the 
rocket motor. The presence of this large object in the plasma can disturb mea- 
surements in its vicinity from wake effects. Note that in the horizontal 
direction, the inertia booms (instrumented for the most recent flights), the 
projections of the X and Y axes (located at 45° to the spin axis) into the spin 
plane, and the Z axis which is nominally in the spin plane, provide measure- 
ments at three different baselines (1.04 m, 1.72 m, 2.30 m, respectively). As 
the payload spins, a sinusoidal waveform is generated on each of these axes 
which should be proportional according to the ratios of the effective base- 
lines. The X and Y axes have the same measurement baseline as the Z axis, but 
the effective baseline for the sine wave is reduced by the cosine of the angle 
of the axis (45°) to the spin plane. 

From Figure 3, it is clear that the conditions before payload ejection are 
drastically different from that of the symmetric conditions after the separa- 
tion. Figure 4 shows raw data from each axis both before and after separation. 
Both sets of data were taken above 92 km in the daytime (early morning). 

Several features are prominent. After separation, all axes show a small sinu- 
soidal signal from the combination of the ambient electric field and v x B. 
The I axis also has spike-like features which are due to the shadowing of each 
sensor by the central body. This reduction in photoemission causes the sensor 
to seek a new floating potential and symmetry is lost. Data during shadowing 
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' Figure 3. Schematic representation of the pay- 
load shown in Figure 2 while still attached 
to the rocket motor. All booms have been 
’ rotated into the plane of the paper for ease 
in comparing baselines. The envelope of the 
nose cone is also shown. The baseline dimen- 
sions are those that relate the amplitude of 
the resultant sine waves from the payload 
spinning through a horizontal electric field. 
The X and Y axes are at 45° to the spin axis. 
The Z axis is in the spin plane completing 
the orthogonal system. The I axis is the 
short axis which is also in the spin plane 
and is located 15° from the X Y plane. 
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ATTACHED TO MOTOR SEPARATED 



Figure 4. Raw data from each of the four axes 
on the symmetric double probe payload. The 
left panels show data while the payload is 
still attached to the rocket motor, while 
the right panels show data taken after the 
payload was separated. The sharp spike-like 
pulses in several of the panels result when 
one of the sensors is shadowed by the main 
body. All data were taken between 90 and 95 
km. 
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must be culled before analysis can be done on the remainder of each spin cycle. 
Before separation much larger signals which are not real electric fields were 
seen on all of the axes. The signal is larger on the shorter I axis than on 
the longer Z axis: similar to the effect reported by KELLEY et al. (1983) (see 
their Figure 5). The origin of these fields is not clear, but they are clearly 
artifacts from the presence of the large asymmetric central body. The shadow 
pulses are seen in the I axis data and from the lower spheres in the X and Y 
axis data. The Z axis sensors do not get shadowed. 

In order to understand where the accuracy breaks down in the highly asym- 
metric case. Figures 5 and 6 show ratios and differences of the amplitudes from 
the least squares fits to the data from each of the various length axes for two 
different flights. All data have been adjusted by their respective baselines 
so that a ratio of 1 would be expected if no errors exist, as would a differ- 
ence of zero. Only dcwnleg data are displayed since deployment of the antennas 
occurred above 90 km. Both flights were from Wallops Island; 31.039 (Figure 5) 
was just prior to dawn, while 31.038 (Figure 6) was shortly after dawn in sun- 
light. Comparison of panels C and F each figure shows that the short axis 
develops error signals just below 100 km on both flights. The ratios and dif- 
ferences show that the other three axes were consistent down to 75 km in dark- 
ness (Figure 5) and down to 85 km in sunlight (Figure 6). These altitudes have 
meaning only for these particular flights. However, several definite conclu- 
sions can be inferred from the above discussions relative to accurate meso- 
spheric measurements at the mV/m level: 

a. Symmetry must be maintained. 

b. The size of the central body should be minimized and a spherical shape 
is preferred. 

c. Separations of the sensors from the body should be greater than 0.5 m 
and preferably greater than 5 times the maximum body radius. (This 
criteria obviously is at best qualitative. The actual requirements 
will be a function of the plasma density and temperature, body photo- 
emission, probe velocity, and the geometry.) 

d. Photoemission from the sensors and the central body should be mini- 
mized. 

At first glance the daytime measurement appears more difficult because of 
photoemission. However, low ionization levels also limit the accuracy, espe- 
cially at low latitudes where nighttime D-region ionization levels can be very 
low. The problem with photoemission arises when photoelectrons emitted from the 
main body are collected by the sensor and vice versa. These error currents 
will not be symmetrical and will therefore affect the floating potential 
balance. Photoemission is asymmetrical by nature from the directionality of 
the sun and from variations in surface properties including fingerprints, etc. 
If it can be minimized, then the daytime errors can be reduced. Metals in 
general are high photoemitters. Graphite coatings can be used to reduce the 
photoemission significantly. 

Since the v x B electric field from the rocket motion is indistin- 
guishable from the ambient electric field by the instrument, it must be vecto- 
rially subtracted from the measured electric field. The v x B field is 
calculated using the payload velocity and the spherical harmonic model magnetic 
field. To make the subtraction it must be transformed to the rocket system 
using an accurate attitude solution. The payload discussed above uses a 
gyroscopic reference platform to determine the attitude. Attitude accuracy of 
1 to 2° is needed to maintain mV/m accuracy in the final results. 

Uniformity of surface properties affects current collection by the sen- 
sors. A contact potential between the sensors and the plasma will always 
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WALLOPS ISLAND, VA 


31.039 


NOV. 19, 1983; 10:46 UT 




DIFFERENCE (mV/m) DIFFERENCE (mV/m! DIFFERENCE (mV/m) 


Figure 5. Comparisons of the amplitudes of the 
least squares fits from each of the axes. 

The upper panels show the amplitude in the 
horizontal plane and the ratios of axes (see 
Figure 3 for axis identification). All data 
have been normalized so that the expected 
ratio should be one if no errors exist. The 
bottom panels show the difference between 
the shorter axis amplitudes and the" long spin 
plane axis data. A zero difference would be 
errorless. This flight was in darkness just 
prior to dawn. 


exist. Small variations in surface properties change the effective coupling to 
the plasma of the sensors and therefore change the contact potential. The con- 
tact potential difference between the sensors is an error voltage.. This will 
appear as a dc offset to the signal and must be subtracted from the data. For 
an axis in the spin plane where the expected signal is a pure sinusoid — the 
contact potential is just the dc offset. For axes that are at an angle to the 
spin plane, an electric field along the spin axis will also appear as a dc off- 
set. Contact potentials must be determined by comparison of the data from 
other axes, and can be checked in most D- and E-region locations where E is 
perpendicular to B by satisfying the equation 


E • B = 0. 
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Figure 6. Similar to Figure 5 but for a flight 
into sunlight shortly after dawn. 


Nonconformity to this equation defines the contact potential error. Note that 
this assumption breaks down in the presence of space charges. Contact poten- 
tials do not have a chance to completely settle down on a short rocket flight 
as surface properties change with outgassing. Some variability over the flight 
is generally encountered. The assumption is generally made that the variation 
is relatively small and also slew compared to spin or precession times. 

The above discussion emphasizes the difficulties of the measurement in the 
upper mesosphere. However, mV/m level measurements are possible (see MAYNARD 
et al., 1984) down to near 70 km where the disappearance of free electrons 
makes the current balance more difficult and amplifies the effects of some of 
the above errors. Measuranent accuracy is not always good to 70 km. Figure 7 
shows the reduced electric field data from one of the flights discussed above. 
The variations below 85 km on this particular flight are not real as revealed 
by the difference plots in Figure 6. 

Lower Mesosphere and Upper Stratosphere 

As we descend in altitude, the conductivity decreases and the measurement 
becomes more difficult. Positive and negative ion ram currents dominate. The 
effective collection area for these currents is modified by the fl<w passing by 
the sensor. Eventually as free electrons disappear the floating potential de- 
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WALLOPS ISLAND, VA 

31.038 FEB. 23, 1984; 12:10 UT 



E mV/m E mV/m E mV/m 


Figure 7. Reduced electric field data from the 
flight displayed in Figure 6. The data are 
in a magnetically orientated coordinate sys- 
tem in which Z is along B, X is nearly 
north and perpendicular to B in the plane 
containing B and the local vertical, and Y 
is nearly east and perpendicular to B. The 
accuracy decreases in this flight below 85 
km as shown by the data in Figure 6. 


pends on a micro-balance of these ram currents (and photoemission if in sun- 
light). It is no longer possible to conduct mV/m level measurements from a 
free-falling payload. Hake effects can become important in a payload moving at 
supersonic speed. 

In the region below 75 km, two double probe techniques have been used to 
measure middle atmosphere electric fields. Both instruments, the asymmetric 
double probe of HALE and CROSKEY (1979) and the symmetric double probe of 
MAYNARD et al. (1981) have, on occasion, detected signals indicating V/m 
electric fields. Both have considerably reduced accuracy (of the order of 
_jD.5 V/m) from the measurements discussed in the previous sections. The 
free-falling symmetric probe is unable to make any measurements below 45 km 
because of the high velocities. The parachuted probe such as that of Hale and 
Croskey is better suited to this region because the velocity can be kept 
subsonic. 

Traveling at supersonic speeds, the free-falling payload suffers from wake 
effects in this region. Ram currents are higher and more variable because of 
the high speed. The wake further complicates the current balance. Any in- 
crease in central body size obviously has to affect the measurements. Varia- 
tions that appear to be real from the individual sensors are less inside the 
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wake. Wake-induced error signals appear to be enhanced by photoemission by 
the sensors. A graphite coating to limit photoemission acts in reducing wake 
effects. 

Even at subsonic velocities wake effects can be important. This was 
illustrated when the Hale asymmetric probe measurement was attempted from a 
large diameter payload instead of the usual small diameter payload. The re- 
sulting attenuated signals were thought to have been affected by the wake of 
the large payload (MAYNARD et al., 1981). 

The asymmetric probe has been shown to repeatedly reproduce the fair 
weather electric field profile in the troposphere. However, during the com- 
plete descent, an offset has been often seen (see HALE et al., 1981). Figure 
8, taken from Hale et al., shows a number of such profiles. This offset may 
partially be a form of "contact potential" difference from the asymmetries of 
the system. HALE (1985) has shown that it is primarily related to the separa- 
tion between the sensor and the main body, hence a sheath overlap effect. 
Recent flights with larger electrode separation do not have the offset in the 
data (see Figure 9) . 

The obvious questions in light of the above problems are: Are any of the 

V/m observations real? Several observations argue strongly for a physical 
cause. MAYNARD et al. (1984) point out that the V/m class fields have been 
observed only when the conductivity is of the order of 10~10 S/m or less. 
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Figure 8. Electric field data profiles using 
asymmetric probes from HALE et al. (1981). 
The fair weather electric field increase 
at lcwer altitudes is evident. The off- 
set from zero at higher altitudes appears 
to be an artifact from contact potential 
differences and from too close spacing 
between the lanyard electrode and the pay- 
load body. 
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The large electric fields occur only a small fraction of the time, and may not 
occur even though the conductivity criteria is met. Horizontal components have 
no relationship to the rocket velocity, but may be anticorrelated with the 
neutral wind. The large electric field observed by the free-falling payload 
(MAYNARD et al., 1981) created signals on the three axes that displayed inter- 
nal consistency. HALE (1985) has seen large vertical electrical fields from 
the same payload using two radically different sensor configurations, Figure 9 
shows data from two flights in which V/m class electric fields were seen on 
both configurations. The evidence points to a real physical effect. It is not 
clear whether all possible interactions of the instrument with the medium are 
understood well enough to be quantitatively sure of error estimate. 

Lower Stratosphere and Below 


The asymmetric double probe measurements using the parachuted payload has 
been shown to provide an effective measurement of the vertical profile of the 
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Figure 9. Data from HALE (19 85) in which the 
same large electric fields are measured 
by two very different configurations (see 
the insert of the sensors for each panel). 
Note also that the offset seen in the data 
on Figure 8 is not present with the larger 
spacing between the electrode and central 
body. 
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fair weather electric field (HALE and MARKSON, 1984). However, ice clouds can 
create significant deviation from the normal curved These are yet to be 
evaluated. 

The largest source of data in the lower stratosphere is from balloon mea- 
surements using double probes. Millivolt/meter horizontal electric fields in 
the high latitude stratosphere in the presence of V/m vertical electric fields 
have been related to magnetospheric convection electric fields (MOZER and 
LUCHT, 1974). The balloon technique has been described by MOZER (1972) and 
will not be further discussed here. 

CONCLUSION 

Electric field measurements in the middle atmosphere are in their infancy. 
The last several years have resulted in significant advances in understanding 
how to perform double probe measurements. The new measurements have answered 
some questions and raised others. It is hoped that the new field mill instru- 
ment will provide complementary data to help resolve the new questions. 

Measurements of mV/m level electric field are now possible in the D 
region. The detection of V/m fields in the lower mesosphere remains contro- 
versial. However, our understanding of when and where these electric fields 
exist is increasing. The questions of how and why remain unanswered. 
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